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ABSTRACT 
 
This report describes research that is part of a broader research program at Lehigh 
University directed towards the development of realistic fire loads for structures. This 
particular research focuses on the determination of fire loads for steel parking structures. 
The framing plans treated are based upon typical framing plans provided in the AISC 
Design Guide 18: Steel-Framed Open-Deck Parking Structures. 
 
Seven fire scenarios were developed considering five framing plans from the Design 
Guide 18. The fire models were simulated using the Fire Dynamics Simulator (FDS), a 
computational fluid dynamics program developed by the National Institute of Standards 
and Technology (NIST). 
 
The objective of the fire analyses was to observe the transmission of heat through the 
structure, as well as the heat flux input to the structure. Analysis parameters, including 
framing geometry, floor elevation, and vehicle fire characteristics, were varied in order to 
investigate the effects these variables had on the fire loading. 
 
The variations in framing geometry were shown to impact the transmission of heat 
throughout the parking structure. Framing members obstruct, and thereby define, the flow 
of heat. Parallel framing members at a lesser spacing result in greater gas temperatures in 
the bay between and greater heat fluxes into adjacent framing members. 
 
An elevation offset between ramps at the central column line of the parking structure 
creates a path for vertical heat transmission. Without this offset, temperatures and heat 
fluxes on the same level as the vehicle fire are greater because of the decreased paths for 
heat dissipation. 
 
Multiple-vehicle fires were shown to generate increased gas temperatures throughout the 
parking structure. Multiple fire sources led to more paths for heat radiation and increased 
heat fluxes into framing members adjacent the vehicle fires. 
 
The results of the fire analyses were used to conduct non-linear heat transfer finite 
element analyses in order to determine the heat distribution through structural framing 
members adjacent the vehicle fire(s). Greater heat fluxes led to greater internal steel 
temperatures. These temperatures corresponded to reductions in the effective yield 
strength of the steel and the tension capacity of the bottom flange of the framing member 
adjacent the vehicle fire(s) as great as 12% for single-vehicle fire scenarios and 88% for 
the multiple-vehicle fire scenario considered. 
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1. INTRODUCTION 
 
In most regions of the United States, current practice for protecting structures from fire is 
governed by the International Building Code (IBC) (2003). The basic approach taken in 
the IBC is to prescribe a specific fire endurance time (e.g. 2 hours) for the structure or 
structural element. The required fire-resistance rating depends principally on the type of 
construction, the type of building element, the use and occupancy of the structure, and the 
fire separation distance between the subject structure and adjacent structures. The fire 
resistance rating is obtained from a standardized test (ASTM E-119) or from alternative 
methods that are based on the E-119 test.   
  
Perceived advantages of this prescriptive approach are simplicity in design and 
enforcement, and generality in scope, which permits the approach to cover a broad range 
of conditions (e.g. structure types, occupancies, sizes, etc.). Perceived limitations of this 
approach are that, in some instances, it is overly conservative, unnecessarily expensive, 
restricts innovation and provides an uncertain level of safety (or in some instances a lack 
of safety). While the standardization of prescriptive codes makes structural design for fire 
much simpler, the variability of environmental and fire behavioral conditions cast doubt 
as to the effectiveness of this standard for comprehensive design.   
  
At present, the direction of design practice in the United States is toward performance-
based design. Perceived advantages of performance-based design are the encouragement 
of (or at least a tolerance for) innovation, integrated approach to facility design, and 
better-understood factors of safety. Perceived limitations of performance-based design 
include insufficient knowledge of fire behavior and loading as well as a lack of usable 
tools to implement this design approach, though these tools are becoming more readily 
available. Full implementation of performance-based design of structures for fire requires 
more information about fire loading. 
 
Another trend in recent years has shown steel framing systems are increasing in 
popularity for parking structure design due to advantages in cost, durability, and personal 
safety. Construction costs and time may be less. Life-cycle costs may decrease due to 
long-term durability and the utilization of new high-performance coatings. Also, the 
smaller and lighter steel framing creates a more open atmosphere. Vandals are less likely 
to hide behind steel columns than massive, concrete columns, and patrons therefore tend 
to feel safer. 
 
A designer will consider the merits of various design options to ensure the satisfaction of 
the client and provide the most cost-effective solution. Despite the aforementioned 
advantages of steel framing systems in parking structure design, an uncertainty in fire 
resistance might force an uninformed designer or client away from such a system. It is a 
common tendency to assume parking structures present a significant risk of fire. On the 
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contrary, the life safety and injury record for parking garage fires is favorable in 
comparison to other structure fires (Denda, 1993). Nevertheless, a better understanding of 
fire loading and the response of steel framing systems is very important if performance-
based fire design is to be accepted and implemented successfully. 
 
1.1. Objective and Scope 
The objective of this research is to determine realistic fire loads on open-deck, steel-
framed parking structures. In doing so, this research also probes into the effects of the fire 
loads on such structures. According to the International Building Code, a parking 
structure can be defined as “open” if it has openings, defined as follows, for natural 
ventilation purposes. Openings shall be uniformly distributed over two or more sides of 
the exterior of the structure, comprising a minimum of 20% of the total perimeter wall 
area of each tier. In addition, the aggregate length of the openings shall constitute at least 
40% of the perimeter of the tier, or be uniformly distributed over two opposing sides of 
the structure. Interior walls shall also be at least 20% open with uniformly distributed 
walls (IBC, 2003). 
 
Structural steel framing elements in such open-deck structures are typically unprotected 
from fire [i.e. not coated with sprayed fire-resistive material (SFRM) or any other form of 
fire protection]. Therefore, better understanding the implications of realistic vehicle fire 
loads on these structures is imperative to ensure adequate safety if performance-based 
design practices are to be utilized. To date, previous experimental and analytical research 
suggests that such unprotected structures perform adequately in response to vehicle fires. 
 
Five different framing plans, two elevation schemes, and two fire types were considered. 
A total of seven analyses were performed with select combinations of the framing plans, 
elevation schemes, and fire types considered, as outlined in the analysis matrix in Section 
3.3.1. The resulting effects on the structural components of the parking structure were 
then determined. Comparisons between analyses were ultimately made to show variations 
in response due to three analysis variables, specifically framing geometry, floor elevation, 
and vehicle fire characteristics. These analysis variables are discussed more fully in 
Section 3.3. 
 
The work presented in this report expands upon research previously conducted by 
Bayreuther (2006) and Strenchock (2008), which focused on the determination of fire 
loads on precast concrete parking structures, and further investigated the structural effects 
of the fire loading from vehicle fires on such structures. 
 
1.2. Summary of Approach 
The analytical approach consists of four sequential analysis steps: 
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1. A computer model of a parking garage structure occupied by vehicles is 
constructed using a graphical interface (PyroSim). User-defined analysis 
parameters and fire characteristics are specified within the program. Once the 
analysis parameters have been specified, a text file containing the input 
parameters needed to run the fire analysis is generated. 
 
2. The input file is run by Fire Dynamics Simulator (FDS), a computer program that 
reads the input parameters, numerically solves equations governing liquid and gas 
flow, and writes two primary types of output data to files. 
 
 
3. The first type of FDS output data is plotted in the form of gas temperature time-
histories, and is used to observe heat transmission throughout the structure. 
 
4. The second type of FDS output data is plotted in the form of heat flux time-
histories. This data is input to a non-linear heat transfer finite element analysis 
and used to determine temperature distribution within the structural members. 
 
All fire analyses were performed on 8-node clusters of computer processors at the Center 
for Advanced Technology for Large Structural Systems (ATLSS) at Lehigh University. 
 
1.3. Summary of Findings 
The following summarize the findings of this research: 
 
1. Variations in framing geometry of a structure affect heat transmission and heat 
fluxes into framing members in the vicinity of a vehicle fire. Deeper members 
obstruct the flow of combustion gases and paths for heat radiation more than 
shallow members. Decreased girder spacing reduces the area in which combustion 
gases are compartmentalized, and thereby results in greater gas temperatures, heat 
fluxes into adjacent framing members, and internal steel temperatures. 
 
2. Variations in floor elevation affect heat transmission through a structure. The 
presence of an offset at opposing ramps creates a path for vertical heat 
transmission through the structure. This increases gas temperatures attained in 
upper floors, but decreases gas temperatures not directly adjacent the vehicle fire 
on the parking level in which the fire exists. This is due to an increased 
dissipation of combustion gases, which further results in lesser heat fluxes into 
adjacent framing members and lesser internal steel temperatures. 
 
3. The increased generation of combustion gases due to multiple-vehicle fires results 
in increased gas temperatures throughout the parking structure. Multiple fire 
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sources also correlate to more paths for direct heat radiation to steel framing 
members. Therefore, increased heat fluxes into framing members occur, resulting 
in significantly greater internal steel temperatures. 
 
4. Greater internal member temperatures result in greater reductions in the yield 
strength of the section, and therefore an increased reduction in the tension 
capacity of the bottom flange. For the single-vehicle fire scenarios considered, 
vehicle fires cause reductions of the bottom flange tension capacity up to 12%. 
For the multiple-vehicle fire scenario considered, an 88% reduction of the bottom 
flange tension capacity was observed. 
 
1.4. Scope of Report 
The remainder of this report is divided into nine chapters. Chapter 2 presents relevant 
background information including a review of previous related analytical and 
experimental research, a discussion of fire design parameters, and an introduction to the 
modeling program used to conduct fire analyses. Chapter 3 discusses the technical 
reference from which all prototype framing plans were developed, the development of 
fire models, and variables considered in the analyses. Chapter 4 explains the procedure 
used to create models and run the fire analyses. The FDS results of each of the individual 
fire analyses are presented in Chapter 5 and subsequently discussed in the context of the 
analysis variables in Chapter 6. Chapter 7 explains the procedure used to perform non-
linear heat transfer finite element analyses, including the connection between fire model 
output data and finite element model input data, sensitivity studies, and desired output 
data. The results of the individual non-linear heat transfer analyses are presented in 
Chapter 8 and subsequently discussed in the context of the analysis variables in Chapter 
9. Lastly, conclusions and recommendations for future research areas based on the 
findings of this work are included in Chapter 10. 
 
1.5. Notation 
The following notation is used in this report: 
Af  = Area of bottom flange 
Af*fy  = Tension capacity of bottom flange at ambient temperature 
(Af*fy)Q = Tension capacity of bottom flange at elevated temperature 
Ea  = Slope of the linear elastic range (modulus of elasticity) of the 
stress-strain relationship for steel at ambient temperature 
Ea,Q  = Slope of the linear elastic range (modulus of elasticity) of the  
stress-strain relationship for steel at elevated temperature 
fp  = Proportional limit for steel at ambient temperature 
fp,Q  = Proportional limit for steel at elevated temperature 
fpu  = Ultimate steel strength at ambient temperature 
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fy  = Effective yield strength of steel at ambient temperature 
fy,Q  = Effective yield strength of steel at elevated temperature 
h  = Local heat transfer convection coefficient 
HRR  = Heat release rate (Heat flux) 
hnet  = Net heat flux 
kE,Q  = Reduction factor (relative to Ea) for the slope of the linear elastic  
range of steel at elevated temperature [kE,Q = Ea,Q / Ea] 
kp,Q  = Reduction factor (relative to fy) for the proportional limit of steel at  
elevated temperature [kp,Q = fp,Q / fy] 
ky,Q  = Reduction factor (relative to fy) for the effective yield strength of  
steel at elevated temperature [kp,Q = fp,Q / fy] 
Q  = Heat flux of fire 
q"c  = Convective heat flux 
T  =  Temperature 
Tg  = Gas temperature 
Tw  = Wall (surface) temperature 
t  = Time 
tg  = Growth time 
∆t  = Time interval between ignition of adjacent vehicles 
 
1.6. Unit Conversion Factors 
This report is presented in SI units. All measurements have been converted to SI if they 
were not originally presented as such. The following unit conversions were used: 
1 in  = 25.4 mm 
˚F  = ((˚C x 9) / 5) + 32˚ 
 
.
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2. BACKGROUND 
 
This work is part of a broader program of research at Lehigh University that focuses on 
fire performance of structures and structural elements. Previous related research at 
Lehigh University focused on the investigation of fire loads for precast concrete parking 
structures [Bayreuther (2006) and Strenchock (2008)]. As explained in Chapter 1, the 
current work focuses on fire loads for steel parking structures. 
 
This chapter begins with a summary of the approach and findings of the work done by 
Bayreuther (2006) and Strenchock (2008) in Section 2.1. Next, Section 2.2 discusses fire 
experiments previously performed in unprotected, steel-framed, open-deck parking 
structures. Section 2.3 provides a summary of standardized time-temperature and time-
heat flux curves considered in current fire design practice. Finally, Section 2.4 discusses 
the modeling theory behind computer simulations of fires conducted in this research 
using the Fire Dynamics Simulator (FDS) analysis program. 
 
2.1. Summary of Relevant Fire Analyses: Bayreuther (2006), Strenchock (2008) 
This section discusses related analytical research previously conducted at Lehigh 
University by Bayreuther (2006) and Strenchock (2008). Although these studies 
considered precast concrete parking structures instead of steel-framed structures, the 
approach and findings of each are comparable to those in this research. A full description 
of the analyses, conclusions, and relevant fire analyses researched by the authors can be 
found in Bayreuther (2006), Bayreuther and Pessiki (2006), Strenchock (2008), and 
Strenchock and Pessiki (2008). This section presents a summary of the objectives, 
approach, and findings of Bayreuther and Strenchock. 
 
2.1.1. Objectives 
The broad objectives of Bayreuther (2006) involved the development of realistic fire 
loads for precast concrete structures. More specifically, the geometric and fire behavioral 
contributions to fire loading were studied in the context of a precast parking garage. 
Strenchock (2008) sought to further investigate the effects of fire loading from vehicle 
fires on precast parking structures. More specifically, multiple-vehicle spread-fire 
scenarios were studied, and their resulting effects on the structure’s components were 
presented. Both researchers focused on time-heat flux relationships as well as time-
temperature relationships. 
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2.1.2.  Prototype Structure 
A typical precast concrete parking structure, in this case the Campus Square Parking 
Garage at Lehigh University (See Figure 2-1), was analyzed for a series of fires, and the 
resulting fire loads at various points in the structure were determined. A parking garage 
was chosen as the model for the fire analyses because of its simple repeating geometry, 
non-combustible construction, well-controlled ventilation conditions, and well-defined 
fuel loading. 
 
The analysis models were constructed to represent the Lehigh University Campus Square 
Parking Garage Structure seen in Figure 2-1. Overall garage dimensions are 45m from 
east to west and 36m from north to south. The floor height varies from 3.8m on the 
ground floor to 3.1m on the upper three floors. The garage is constructed of precast, 
prestressed concrete double-tees that are oriented longitudinally north-to-south, and three 
double-tees are placed side-by-side in between each column-forming bay. The typical 
double-tee used is similar to the 15DT34 design from the PCI Design Handbook (2004), 
which is 4.6m wide, 18.4m long, and 0.87m in total depth. 
 
Precast sections also comprise the center shear wall, which includes a series of larger 
evenly spaced openings. Driving ramps to allow vehicles to move between floors are 
created by inclining double-tee sections. At either end of the structure, the north and 
south sides of the garage are at the same elevation, but through the middle the floors are 
inclined at opposite angles. Due to the elevation change of the ramps along the length of 
the structure, the center wall openings occur at varied heights with respect to the floor 
slabs and precast double-tees (See Figure 2-2). 
 
2.1.3. Analysis Model 
Figure 2-3 is a plan view of the parking garage model developed using PyroSim, a 
graphical preprocessor to the Fire Dynamics Simulator (FDS). FDS is a Computational 
Fluid Dynamics (CFD) program developed by the National Institute for Standards and 
Technology (NIST). All concrete elements were modeled as multiples of a unit thickness 
of 0.125m. Slabs were modeled at a unit thickness, while post-tensioned double-tee webs, 
interior wall sections, and exterior façade panels were each 0.25m thick. The height of 
each floor, from top-of-slab to top-of-slab on the floor above, was 3.0m. The width of the 
parking structure, across each ramp, was modeled at 36.75m. Additionally, a 22.5m 
section was taken along the length of the ramps (See Figure 2-3). This section spans 
greater than a single longitudinal column-forming bay and fits nine vehicles spaced 
evenly at 1m apart. Figure 2-3 also shows vehicle positions. 
 
The computational fluid dynamics model uses cubes of uniform dimension to model both 
solid objects and air spaces, thus defining the domain in which calculations are to be 
performed. Details regarding the development of this computational domain and model 
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boundaries are similar to as in this research, and will be presented later in Sections 3.2.1 
and 4.2.3. 
 
In order to appropriately consider the potential positions of the center wall openings due 
to the ramp layout of the prototype structure, a series of models were developed with one 
of the four opening layouts seen in Figure 2-4. The resulting effects on heat transmission 
throughout the structure, particularly across the center wall and between floors, could 
therefore be studied. 
 
In addition to considering varied center wall opening positions, two elevation schemes 
were considered. The level elevation (Figure 2-5 (a)) represents the ends of the garage 
where the north and south sides are even, and the staggered elevation (Figure 2-5 (b)) 
represents the center of the garage where the ramps oppose each other. The bays opposite 
the center wall are offset by one half-story height. These elevation schemes allow 
additional heat transmission behavior to be studied. 
 
The vehicle fire was modeled as a flammable solid vent called a burner. Distributed over 
the area that would be taken up by the cab in a real vehicle (See Figure 3-22), the burner 
was defined by a specified heat release rate input. Figure 2-6 shows the heat flux release 
records chosen as the input to the models. These records are based on two of the vehicles 
burned by Khono et al. (2004), namely an early 1990’s Toyota 4Runner SUV labeled 
3000cc 4WD No.2 (hereafter called Vehicle 1) and a full-size early 1990’s sedan labeled 
5600cc (hereafter called Vehicle 2). These two specific vehicles were chosen because 
their heat flux records differ greatly in shape and have a total energy release and peak 
heat flux in the upper range of the data reviewed in previous experimental research. The 
area under the time-heat release curve is defined as the total energy release recorded 
during the analysis. Vehicle 1 has a total energy release of 7.4 GJ and a peak heat release 
rate of 5100 kW, while Vehicle 2 has a total energy release of 8.1 GJ and a peak heat 
release rate of 6800 kW. 
 
In total, twelve analyses were performed to investigate heat transmission throughout the 
parking garage and the resulting structural effects. Table 2-1 summarizes the analyses 
performed. Analyses S1.1 to S1.9, as performed by Bayreuther, sought to address four 
analysis variables, including floor elevation, center wall opening position, vehicle type, 
and vehicle fire characteristics. Analyses S1.1 to S1.7 represented single-vehicle fire 
scenarios, and Analyses S1.8 and S1.9 represented multiple-vehicle fire scenarios. 
Analyses S2.1 to S2.3, as performed by Strenchock, each represented multiple-vehicle 
fire scenarios. Expanding on the findings of Bayreuther, these analyses sought to address 
two analysis variables, including center wall opening position and vehicle ignition time.  
 
Analysis computations were performed using Fire Dynamics Simulator (FDS) on either 
4-node or 8-node clusters of computer processors at the Center for Advanced Technology 
for Large Structural Systems (ATLSS) at Lehigh University.  
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2.1.4. Finite Element Model 
Figure 2-7 shows the FDS double-tee model with specific nodes labeled. The web of the 
double-tee is modeled as explained previously with cubic cells with a side length of 
0.125m. The slab is one cell thick and the web is six cells deep by two cells wide. The 
FDS net heat flux outputs are recorded at seven nodes (labeled A-G) on the web of the 
double-tees. To create an input file for the finite element analysis, the nodal heat flux 
values outwardly perpendicular to each surface are averaged to get a uniform net heat 
flux for each of the Surfaces 1 through 5. Such averaging was found to be acceptable 
because the net heat flux on any specific surface on the model proved to be essentially 
uniform. 
 
A three-dimensional unit-thickness slice of a double-tee web was constructed in 
accordance with the procedures explained in Okasha (2006) and based on the dimensions 
of the 15DT34 double-tee from the PCI Handbook (2004) and the 188-S strand pattern 
(18 strands of 8/16in diameter). The element type was a solid (continuum), first order 
(eight nodes), hexahedra (brick) element called DC3D8 in ABAQUS with full 
integration. The element mesh configuration is eight elements across the web and four 
elements through the thickness of the slab. The mesh is finer than the configuration used 
in Okasha (2006), which was four elements across the web and three through the slab 
thickness and was based on a convergence study for accuracy. The trend from the 
convergence study was that the finer mesh with similar element aspect ratio resulted in 
higher accuracy. Therefore the configuration used for these studies was at least as 
accurate as that used for Okasha (2006). 
 
The finite element mesh configuration provides nodes located at the levels of the 
prestressing strands in the web. This allows nodal temperatures to be calculated directly 
at these locations and used to analyze the potential changes to the steel strength due to 
elevated temperatures. Figure 2-8 shows an elevation view of the finite element model 
with dimensions, elements, and strand level labeling shown.  
 
The difference between the heat transfer analysis in Okasha and these studies is the load 
input. Okasha used the standard ASTM E119 time-temperature curve as the load, while 
Bayreuther and Strenchock used the net heat flux output as previously described. In this 
case, the net heat flux averages from FDS for the five surfaces in the model are defined as 
field inputs for the finite element model. All other parameters are the same, including 
material and environmental properties (i.e., ambient temperature and ambient pressure. 
See Section 4.2.3). 
2.1.5.  Summary of Results 
The following is a summary of results obtained in the analyses conducted by Bayreuther 
(2006) and Strenchock (2008), specifically focusing on analysis variables that can be 
readily compared to the analysis variables of this research. 
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Geometric Effects 
As explained earlier, the center wall of the Campus Square parking garage contains a 
series of regular openings as part of the precast concrete structural system. These 
openings and their position in relation to the ramped double-tees provide an opportunity 
for the combustion gases and fire to spread through the center wall from one side of the 
garage to the other and from one floor to the next. The observed heat flow through each 
of the models follows the pattern one might expect using a conceptual understanding of 
fluid dynamics when the buoyant characteristics of heated gas are taken into account. 
Summarizing, the heat flows vertically upward until it encounters an obstruction, then 
spreads laterally through the cavity and vertically downward until that space is filled, and 
then the heat spills over into the adjacent cavity. 
 
A comparison between Analyses S2.2 (6 Min Bottom) and S2.3 (6 Min Top) conducted 
by Strenchock provides a clear example of the significant effect the center wall opening 
position has on heat transmission from one side of the center wall to the other. Figure 2-9 
provides thermal “slice” images for each of these analyses. The slice images show the 
temperature distribution a distance of 0.125m below the slab located directly above the 
fire. The 6 Min Bottom image shows that when the opening of the center wall is flush 
with the concrete floor slab, very little to no heat escapes to the opposite side of the 
garage. In contrast, the 6 Min Top image shows that when the opening of the center wall 
is flush with the bottom of the double-tee webs, heat is allowed to flow freely to the 
opposite side of the garage where no fires are burning 
 
Gas temperature time-histories recorded by thermocouples on each side of the center wall 
reinforce these observations. Figure 2-10 and Figure 2-11 provide plots of the 
temperature time-histories for the 6 Min Bottom (S2.2) and 6 Min Top (S2.3) analyses, 
respectively. Comparing the two figures, it is apparent that the opening positions in the 6 
Min Bottom analysis restrict the flow of heat across the center wall, resulting in 
significantly lower gas temperatures at the thermocouple at y = 18.75m. It is also 
important to note that the maximum temperature reached in the 6 Min Bottom analysis is 
greater than that in the 6 Min Top analysis. This is due to the trapping of heat on one side 
of the garage. Analyses by Bayreuther agree with the effect of the center wall opening 
position on heat transmission through the center wall. 
 
Analyses S1.3 to S1.8, as performed by Bayreuther, provide insight into the vertical heat 
transmission through the parking structure. The primary purpose of the analyses was to 
investigate the potential heat spread from one floor to the next when the floors are offset 
at the center wall. The chimney analyses (S1.3 and S1.4) also sought to investigate 
vertical heat transmission between floors, but floors were not offset at the center wall. As 
previously stated, typical heat flow was observed. Staggered analyses exhibited greater 
potential for vertical heat transmission than chimney analyses due to the larger relative 
opening size at the center wall. 
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The secondary purpose of the stagger analyses (S1.5 through S1.8) was to examine the 
preheating of upper floors prior to ignition of the vehicle on those floors. It was 
hypothesized that this preheating could create longer durations of heating and higher 
temperatures, causing greater risk to the structure than a single-vehicle fire. Each of the 
single-vehicle fire models (S1.5 to S1.7) was run separately as if the ignition occurred at 
time = 0. They were then compared to the sequential burn (S1.8) by offsetting the output 
records by the appropriate time interval between ignitions (∆t). 
 
By comparing the temperature time-histories at Floor 2 from Analyses S1.5 (Stagger 1) 
and S1.8 (Stagger 123), the preheating effect on the gas temperature may be seen (See 
Figure 2-12). Prior to fire ignition on Floor 2 at t = 12min (720sec), a rise in temperature 
is observed due to the heat transmission through the center wall openings (Stagger 123 
Floor 2 – solid line). From 720sec to about 1800sec, the temperature time-history for 
Stagger 123 (S1.8) closely follows a combination of the actual fire on Floor 2 (Stagger 2 
Floor 2) and the heat transmission effect from the fire on Floor 1 (Stagger 1 Floor 2). The 
two fires create this effect on temperature on Floor 2 as expected because they are both 
heat sources, one direct, and one through the center wall from Floor 1 to Floor 2. After 
the effect of the fire on Floor 1 is finished at about 2000sec, the temperature time-history 
follows a very similar curve to that of the single fire on Floor 2. Even though the Floor 1 
fire preheated the gas at Floor 2, there is little long-range effect on the temperature time-
history, and no difference in peak temperature. 
 
Gas temperature alone provides an incomplete picture of the results. To understand the 
influence of preheating on the behavior of the structure, the concrete temperature is also 
examined. Figure 2-13 compares the concrete temperature time-history at the level of the 
first prestressing strand on Floor 2 in the Stagger 2 (S1.6) and Stagger 123 (S1.8) 
analyses just above the burn vehicle. Figure 2-13 shows that the preheating on Floor 2, 
due to the fire on Floor 1, causes an increase in the concrete temperature time-history. 
The concrete temperature is seen to increase by an average of 20°C over the course of the 
fire due to preheating. 
 
Effects of Time Interval Between Ignitions of Adjacent Vehicles 
In order to determine the effects the time interval between ignitions of adjacent vehicles 
had on the gas temperatures recorded in the double-tee web cavities, the results of the 12 
Min Bottom (S2.2) and 6 Min Bottom (S2.3) analyses were compared. The only 
parameter that varied between the two analyses was the elapsed period of time between 
ignition of each vehicle and the adjacent one (∆t). The 12 Min Bottom analysis 
considered ∆t = 12min, while the 6 Min Bottom analysis considered ∆t = 6min. 
 
Figure 2-14 and Figure 2-15 show the temperature time-histories for thermocouples 
located along the x-axis in the double-tee web cavities above the burn vehicles in the 12 
Min Bottom (S2.2) and 6 Min Bottom (S2.3) analyses, respectively. Comparing the 
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figures from each analysis, significant differences were noticed in the temperatures 
recorded above burn Vehicles C5, C4, and C3. The maximum temperatures recorded 
above these vehicles in 12 Min Bottom were 897°C, 982°C, and 780°C, respectively. The 
maximum temperatures recorded in 6 Min Bottom were 1220°C, 1260°C, and 990°C, 
respectively. A comparison of thermocouple data in the y-direction along the length of 
the double-tee flange located above burn Vehicle C5 similarly reveals a maximum gas 
temperature in the 6 Min Bottom analysis more than 300°C greater than that of the 12 
Min Bottom analysis. 
 
The results of both the transverse and longitudinal thermocouple comparisons for each 
analysis indicate that the decreased time interval between ignitions of adjacent vehicles 
intensifies heat build up in the cavity between the double-tee webs in a shorter amount of 
time. The increase in intensity of the heat results in greater gas temperatures recorded in 
the double-tee web cavities. The greater gas temperatures further correspond to greater 
temperatures at the level of the prestressing strands, as well. 
 
Effects of Fire Characteristics 
Analyses S1.3 (Chimney 1) and S1.4 (Chimney 2) were considered to investigate the 
potential differences in heat transmission and temperature response due to different heat 
release rate inputs, as previously seen in Figure 2-6. For the Chimney 1 analysis, the 
Vehicle 1 fire record was used, which is the same input that was used for all other 
analyses except Chimney 2. The Vehicle 2 fire record was used for the Chimney 2 
analysis. 
 
Gas temperature time-histories from each model follow the profile of the original heat 
release rate input as in the rest of the analyses performed. In order to try to distinguish 
between the two fire models, a non-linear heat transfer analysis was performed following 
the procedures described earlier. The concrete temperature time-history at the level of the 
first prestressing strand was recorded for each analysis and is shown in Figure 2-16. 
 
The temperature time-history for Chimney 2 is significantly lower than that of the 
Chimney 1 model, which supports the idea that higher total energy release over the same 
time period results in higher heat flux into the structure and higher concrete temperatures. 
 
Reduction in Prestressing Steel Strength 
The main objective of the non-linear heat transfer analyses was to determine the concrete 
temperature at the levels of the prestressing strands of the double-tee webs above the burn 
vehicles. In order to determine the impact each fire loading case had on the structure, 
calculations to determine the reduction in strength in the prestressing steel were 
completed following the Eurocode 1 (2002).  
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The maximum strand temperature obtained in any model was 249°C, recorded in 
Analysis S2.2 (6 Min Bottom), above burn Vehicle C5. This temperature correlates to a 
prestressing steel strength reduction of approximately 20%. Figure 2-17 and Figure 2-18 
show plots of the temperature dependent stress-strain curves for the prestressing steel at 
the critical section for each analysis. Plots in Figure 2-17 correspond to analyses 
conducted by Bayreuther (2006), and plots in Figure 2-18 correspond to analyses 
conducted by Strenchock (2008). 
 
2.1.6. Conclusions 
The following points are conclusions presented by Bayreuther (2006) and Strenchock 
(2008). Only those conclusions that can be readily compared to the conclusions of this 
research are provided: 
 
• The variations in geometry of the structure were shown to have a significant 
impact on heat transmission. Depending on the relative position of the center wall 
opening to the floor slabs, heat may be trapped on one side of the garage or 
allowed to flow freely from one side to the other or from one floor to the next. 
 
• The webs of the double-tees in a precast concrete structure act as an obstruction to 
heat flow. Heat accumulates between the webs of the double-tees and then runs 
down the length of the member away from the fire. If allowed to build up enough, 
heat will spill over to adjacent cavities. 
 
• Fires on lower floors can create a preheating effect on upper floors if the heat is 
allowed to flow from floor-to-floor by the center wall openings. This preheating 
effect causes an increase in the concrete temperature over the course of the fire 
due in part to the longer heating duration. 
 
• The time interval between ignitions of adjacent vehicles in a multiple-vehicle fire 
scenario impacts the heat build-up throughout the structure. A shorter time 
interval between ignitions of adjacent vehicles was shown to greatly intensify heat 
build-up in the cavity between double-tee webs. 
 
• For the fire scenarios considered, vehicle fires do not cause the temperature of the 
prestressing strand in the concrete to increase significantly. Vehicle fires generate 
increases in prestressing steel strand temperatures that cause the strength of the 
prestressing steel to reduce to as low as 0.80fpu. 
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2.2. Summary of Relevant Fire Experiments 
This section discusses experimental research performed on vehicle fires in open-deck, 
unprotected steel parking structures. The focus of much of this work was to determine 
what fire protection measures, if any, were necessary in such structures. Fire protection 
measures would have included sprinkler systems, sprayed fire-resistive material (SFRM), 
etc. Only the review of Gage-Babcock and Associates, Inc. (1973) in Section 2.2.1 was 
not previously considered by Bayreuther (2006). Sections 2.2.2 to 2.2.4 were extracted 
from the background research of Bayreuther (2006). 
 
2.2.1. Review of Gage-Babcock & Associates, Inc. (1973) 
On October 15, 1972, the Scranton Fire Bureau and Underwriters’ Laboratories, Inc. 
conducted a full-scale fire test in an operating, multi-story, open-deck parking structure 
located in Scranton, Pennsylvania. This fire test is often referred to as the “Scranton Fire 
Test.” A report entitled “Automobile Burn-out Test in an Open-air Parking Structure” 
was subsequently prepared by Gage-Babcock & Associates, Inc. (GB&A, 1973). A full 
description of the fire test, data analysis, and conclusions can be found in GB&A (1973). 
This section presents a summary of the objectives, approach, and findings of that report. 
 
The purpose of the Scranton Fire Test was “to study the effects of an uncontrolled fire in 
an automobile on the integrity of the exposed steel frame” of the parking structure being 
tested (GB&A, 1973). Prior tests considered by GB&A indicated that open-deck parking 
structures represented a minimal hazard and a very low occupancy fire load. Since these 
tests were performed in countries including England, Japan, and Switzerland, the 
Scranton Fire Test sought to address the doubts of the applicability of foreign test results 
in relation to the typically larger American vehicles. More specifically, the test sought to 
demonstrate that fire spread did not occur between adjacent vehicles, that heat and smoke 
build-up did not reach a point that would hamper escape or prevent access by the fire 
department, and that the fire did not cause floor overload or damage requiring 
replacement to structural steel members. 
 
The structure tested consisted of 5in (0.127m) thick, post-tensioned concrete decks 
supported on structural steel framing in a long-span configuration. Floor height was 10ft 
(3.048m) and the clear height below the girders was approximately 7ft-7in (2.311m). 
Three automobiles were placed in the test area approximately 2ft (0.610m) apart from 
each other. The center vehicle was the “burn” vehicle where the fire was initiated. 
Additionally, four vehicles were parked on the deck above the test area to impose 
realistic loading on the structure. 
 
Fire was set to the center vehicle and allowed to burn uncontrollably for 48min before 
dying down and being manually extinguished. The two adjacent vehicles exhibited minor 
heat and fire damage. Additionally, no structural damage was noted. Maximum 
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temperatures in the bottom flange of the girder directly above the “burn” vehicle reached 
440˚F (226.7˚C) at 41min for a period of approximately 5min. Typical beam 
temperatures remained below 350˚F (176.7˚C). Air temperatures measured by bare 
thermocouples 24in (0.696m) below the slab peaked at 810˚F (432.2˚C), but typically 
remained below 400˚F (204.4˚C). Maximum beam deflections at the center of the 54ft 
(16.46m) long steel girder above the “burn” vehicle reached 1-5/8in (0.041m), and 
horizontal expansion measured 1/8in (0.003m) at 42min. Upon cooling, midspan 
deflection and horizontal expansion returned to zero. No attempt to record the heat flux 
from the vehicle fire was reported. 
 
GB&A concluded that open-air parking structures represented an extremely low fire 
hazard and that exposed steel framing provided an adequate degree of safety against 
structural collapse on the basis of the Scranton Fire Test and similar tests previously 
conducted in England, Japan and Switzerland. 
 
2.2.2. Review of Bennetts (1985) 
Bennetts et al. (1985) performed two fire tests on a two story, open-deck, unprotected 
steel parking garage with composite deck and precast concrete wall panels. In each of the 
tests, five vehicles were parked on the lower floor between 0.4m and 0.5m apart. All 
vehicles were compact vehicles manufactured between 1973 and 1982. In the first test, 
only the test vehicle burned, and in the second test, the adjacent vehicles ignited at 14min 
and 35min. Both gas and surface temperature readings were taken over the course of the 
tests at several locations. Peak gas temperatures measured directly above the burn vehicle 
were about 575°C in the first test and 750°C in the second test. Maximum surface 
temperature for the unprotected steel beams above the burn vehicles was 285°C for the 
first test and 340°C for the second. No attempt to record the heat flux from the vehicle 
fires was reported. 
 
2.2.3. Review of Kitano (2000) 
Kitano et al. (2000) performed an experiment with passenger vehicles in a four-story 
parking garage with a similar configuration of steel members, composite concrete deck, 
and precast wall panels to that of Bennetts et al. (1985). Once again temperatures were 
recorded for the gas and steel, but no attempt to measure heat flux was reported. 
 
2.2.4. Review of Zhao (2004) 
Zhao and Kruppa (2004) performed a series of fire tests on a portion of a model parking 
garage constructed of steel columns and beams with a full-scale composite slab. The two 
main tests involved three vehicles clustered together at a normal parking distance with 
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the center vehicle igniting first in both tests. Test conditions included a strong wind that 
varied in direction through both tests. Though all three vehicles burned in both tests, time 
for fire spread from one vehicle the next varied widely due to wind conditions. As in the 
tests performed by Bennetts et al. (1985), Zhao and Kruppa recorded gas and surface 
temperatures at several locations in the structure. Peak gas and steel surface temperatures 
were 1000°C and 700°C respectively, and no attempt to record heat flux was noted. 
 
2.3. Standard Fire Curves 
In order to properly determine the structural effects on a building subjected to fire 
loading, specific data characterizing the fire event are required. Two key parameters 
considered by engineers to complete such a structural analysis are gas temperature time-
histories and heat flux time-histories. These respective time-histories provide a record of 
the gas temperature and heat flux, or rate of energy transfer on a surface, for the duration 
of the fire. Bayreuther (2006) provides a description of standardized time-temperature 
and time-heat flux curves specified by building codes and used by engineers in building 
design. The following review of Bayreuther is extracted from Strenchock (2008). 
 
2.3.1. Standard Time-Temperature Curves 
The heat flux and temperature of a fire are dependent upon fuel source and are also 
affected by environmental conditions such as wind, oxygen availability, and location 
within a structure. The potential combinations of these effects are infinite, which for 
design purposes demands that some assumptions be made. To that end, two standard 
time-temperature curves are specified by building codes and are used by engineers in 
building design: ISO 834, which is the same curve as the 2002 Eurocode Standard 
Compartment Curve, and ASTM E119 (IBC, 2003). For reference, the ASTM E119 
curve represents the combustion of approximately 50kg of wood (with a energy potential 
of 8.44MJ/kg) per square meter of exposed area per hour of test (Gustaferro, 1987) (See 
Figure 2-19).  
 
These standard curves are often used in the fire testing of structural components, where 
the component is placed in a furnace and the temperature of the fire is varied according to 
the applicable time-temperature curve. The standard time-temperature curves allow for 
performance comparisons between tested structural elements.  
 
2.3.2. Standard Time-Heat Flux Curves 
While the protocols for standard time-temperature curves are well established, those for 
time-heat flux curves are not. Code treatment of fire to this point has focused almost 
exclusively on gas temperature in compartments, thus little attention has been paid to the 
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development of standard time-heat flux curves other than the T-squared fires addressed in 
the next paragraph. Some work has been done by Mangs and Keski-Rahkonen (1994, 
2004) at VTT Building Technology in Finland, and Jannsens (2004) at Southwest 
Research Institute in Texas, USA, in order to parameterize the burning of motor vehicles. 
 
The T-squared heat flux curve focuses exclusively on the growth stage of fire history and 
is still used as a base for growth rate comparison to many actual fires (See Equation 2-1). 
It was introduced in the 1980’s as a way to approximate the change in heat-release rate 
over time as a fire grew. There are four T-squared fire curves: slow, medium, fast, and 
ultra-fast, which describe the amount of time each fire takes to reach 1055 kW (Fleming, 
2003). 
2
1055
:
eat flux of fire in kW
time after ignition in seconds
growth time in seconds
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Equation 2-1: Heat flux equation for T-squared fires. 
Figure 2-20 shows the T-Squared fires plotted versus time. The tg values specified in the 
NFPA 92B: Guide for Smoke Management in Malls, Atria, and Large Areas (2005) are 
also provided for each curve in Figure 2-20. 
 
2.4. Fire Modeling With the Fire Dynamics Simulator 
With advancements in computing techniques and increases in computer power, a growing 
number of structure fires are being simulated or reconstructed using computer fire 
models. The computer modeling program used in this research, Fire Dynamics Simulator 
(FDS), was developed at the National Institute of Standards and Technology (NIST) with 
the objective of solving practical problems in fire protection engineering while providing 
a tool to study fundamental fire dynamics and combustion. The FDS program is made 
publicly available through NIST’s website at http://fire.nist.gov/fds/.   
 
FDS uses a Computational Fluid Dynamics model to simulate fire-driven fluid flow 
(McGratten, 2007). FDS can be used to model low-speed transport of heat and 
combustion product from fire, radiative and convective heat transfer between gas and 
solid surfaces, and flame spread and fire growth. The program calculates the net heat flux 
into a surface as a combination of the radiative and convective heat flux. The convective 
heat flux equation used is displayed in Equation 2-2. 
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Equation 2-2: FDS net heat flux equation. 
FDS solves numerically a form of the Navier-Stokes equations for low-speed 
(incompressible) flow. The Navier-Stokes equations are a set of five non-linear, second-
order partial differential equations that are derived from the conservation of mass, 
momentum, and energy equations, the ideal gas law, and the equation for density in any 
particular volume element (McGratten, 2007). Because the rate of fluid flow (convection) 
is small in comparison to the speed of sound, the fluid in the fire analyses is assumed to 
be compressible, thus allowing for the fifth Navier-Stokes equation to be dropped. In 
vector notation, the Navier-Stokes equations are: 
 
( )v v v F p v
t
ρ μ∂⎛ ⎞⋅ + ⋅∇ = −∇ + ⋅Δ⎜ ⎟∂⎝ ⎠  
Equation 2-3: Vector Notation of the Navier-Stokes Equations (For derivation and variable definitions, see 
Oertel, 2004). 
 
The FDS radiative heat flux calculations are conducted following a version of the finite 
volume method for convective transport, which is used to solve the radiation transport 
equations for gray gas. A complete discussion can be found in Section 3.3 of the FDS 
Technical Reference Guide (McGratten, 2007). 
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Table 2-1: Analysis matrix for FDS analyses performed by Bayreuther (2006) and Strenchock (2008). 
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Figure 2-1: Lehigh University Campus Square parking garage (southwest corner). (Bayreuther, 2006) 
 
 
 
 
Figure 2-2: Image of the center wall of the prototype garage. (Bayreuther, 2006) 
 
 
 
 
 
 
 
 
 
 
 
 
N
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Figure 2-3: Plan view of model showing overall garage model dimensions, location of vehicles and 
position numbers. 
 
 
 
Figure 2-4: Center wall opening positions for analyses (not to scale). 
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Figure 2-5: Floor elevation and blocking layout for FDS models ((a) Level; (b) Staggered). (Bayreuther, 
2006) 
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Figure 2-6: Comparison of heat flux records for Vehicles 1 and 2. (Bayreuther, 2006) 
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Figure 2-7: FDS double-tee model for heat flux averages with nodes labeled (left) and surfaces labeled 
(right). (Bayreuther, 2006) 
 
Figure 2-8: Finite element mesh scheme and double-tee model dimensions (left) and PCI prestressing 
strand pattern 188-S (right). (Bayreuther, 2006) 
 
   
Figure 2-9: Thermal slice images showing temperature distribution throughout the structure at 0.125m 
below Floor 2 slab, t = 24min, 6 Min Bottom (S2.2) and 6 Min Top (S2.3) analyses. (Strenchock, 2008) 
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Figure 2-10: Temperature time-histories centered between double-tee webs above burn vehicle at x = 
11.25m; y = 18.0m, 18.75m; z = 3.625m, 6 Min Bottom (S2.2) analysis. (Strenchock, 2008) 
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Figure 2-11: Temperature time-histories centered between double-tee webs above burn vehicle at x = 
11.25m; y = 18.0m, 18.75m; z = 3.625m, 6 Min Top (S2.3) analysis. (Strenchock, 2008) 
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Figure 2-12: Preheating effect on gas temperature on Floor 2 in the Stagger 1 (S1.5), Stagger 2 (S1.6), and 
Stagger 123 (S1.8) analyses. (Bayreuther, 2006) 
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Figure 2-13: Concrete temperature time-histories at level of first prestressing strand on Floor 2 in the 
Stagger 2 (S1.6) and Stagger 123 (S1.8) analyses. (Bayreuther, 2006) 
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Figure 2-14: Temperature time-histories centered between double-tee webs above burn vehicle at x = 
6.75m, 9.0m, 11.25m; y = 18.0m; z = 3.625m, 12 Min Bottom (S2.1) analysis. (Strenchock, 2006) 
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Figure 2-15: Temperature time-histories centered between double-tee webs above burn vehicle at x = 
6.75m, 9.0m, 11.25m; y = 18.0m; z = 3.625m, 6 Min Bottom (S2.2) analysis. (Strenchock, 2008) 
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Figure 2-16: Temperature time-histories for the Chimney 1 (S1.3) and Chimney 2 (S1.4) analyses at the 
level of the first prestressing strand. (Bayreuther, 2006) 
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Figure 2-17: Temperature dependent stress-strain curves for prestressing steel, Analyses S1.1 to S1.8. 
(Bayreuther, 2006) 
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Figure 2-18: Temperature dependent stress-strain curves for prestressing steel, Analyses S2.1 to S2.3. 
(Strenchock, 2008) 
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Figure 2-19: Standard time-temperature comparisons; Eurocode Standard (ISO834), ASTM E119, 
Eurocode Hydrocarbon, Eurocode Parametric Curve for parking garage model. (Bayreuther, 2006) 
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Figure 2-20: T-Squared fires from NFPA 92B (2005) (Bayreuther, 2006) 
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3. STRUCTURE AND ANALYSIS MATRIX 
 
This chapter describes the prototype parking structures considered and the analysis 
matrix of this research. The prototype structures were derived from the AISC Design 
Guide 18: Steel-Framed Open-Deck Parking Structures (Churches, 2003). Section 3.1 
discusses the AISC Design Guide 18. Section 3.1.1 describes typical framing plans for 
steel-framed open-deck parking structures. Section 3.2 introduces the analysis models, 
with Section 3.2.1 describing the parking garage models and Section 3.2.2 detailing the 
vehicle model and fire characteristics. The fire analyses conducted in this research are 
presented in Section 3.3. Section 3.3.1 summarizes the analysis matrix, and Sections 
3.3.2 through 3.3.4 provide descriptions of the analysis variables considered. 
 
3.1. AISC Design Guide 18 
The AISC Design Guide 18: Steel-Framed Open-Deck Parking Structures (Churches, 
2003) serves as a design reference for structural engineers. It is organized such that an 
engineer can logically step through the design process of a steel parking structure. Design 
Guide 18 references relevant building codes and specifications, provides various design 
options, and also presents design examples as appendices. 
 
This research focuses on steel-framed parking structures with cast-in-place, 
conventionally reinforced concrete slabs, or with cast-in-place post-tensioned concrete 
slabs. These slab types and others, including precast double-tees as studied in Bayreuther 
(2006) and Strenchock (2008), are discussed in Chapter 2 of Design Guide 18 (Churches, 
2003). 
 
Chapter 3 of Design Guide 18 (Churches, 2003) discusses various framing systems, 
which motivate the primary analysis variable of this research. Design considerations are 
discussed, and typical framing plans are provided with various details to assist in the 
design process. 
 
3.1.1. Prototype Framing Plans 
This section provides a general description of the framing plans selected from the AISC 
Design Guide 18 (Churches, 2003) that served as the basis for models used in the fire 
analyses of this research. The five framing plans studied can be seen in Figure 3-1 
through Figure 3-3. Figure 3-1 shows both clear-span (long-span) and short-span framing 
options for cast-in-place, post-tensioned slabs. Figure 3-2 shows one potential framing 
configuration (Configuration 1) for cast-in-place, conventionally reinforced concrete 
slabs on stay-in-place metal forms. This configuration has both long- and short-span 
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framing options. Lastly, Figure 3-3 shows an alternative framing configuration 
(Configuration 2) for cast-in-place, conventionally reinforced concrete slabs on stay-in-
place metal forms. Unlike Configuration 1, this configuration only has a long-span 
framing option. See APPENDIX A for an example that steps through the process of 
selecting appropriate overall dimensions and framing sections for the PT_LS model using 
the AISC Design Guide 18 (Churches, 2003). In a manner similar to the process outlined 
in APPENDIX A, each of the FDS models in this research were developed in accordance 
with one of the following five framing plans. 
 
1.  CIP and PT Slab, Clear-Span Construction 
The typical clear-span framing plan associated with the cast-in-place, post-tensioned slab 
system, as seen in the left half of Figure 3-1 (i.e., to the left of the longitudinal center 
line), provides the basis for all post-tensioned, long-span systems studied. Three models 
were developed: PT_LS, PT_LS_level, and PT_LS_spread. The notation ‘PT’ 
corresponds to a post-tensioned slab system, and ‘LS’ represents the clear-span, or long-
span, framing option. Typical girder sizes, bay width, and bay length dimensions used to 
develop the aforementioned models are provided in Table 3-1. 
 
Considering the clear-span framing system shown in the left half of Figure 3-1, girders 
(BEAM A) are spaced evenly according to the bay width dimension and span the full 
length of the bay, typical of long-span construction. Girders are framed directly into 
columns at each end. 
 
2.  CIP and PT Slab, Short-Span Construction 
The typical short-span framing plan associated with the cast-in-place, post-tensioned slab 
system, as seen in the right half of Figure 3-1 (i.e., to the right of the longitudinal center 
line), provides the basis for the PT_SS model. The notation ‘PT’ corresponds to a post-
tensioned slab system, and ‘SS’ corresponds to the short-span construction option. 
Typical girder sizes, bay width, and bay length dimensions used to develop the PT_SS 
model are provided in Table 3-1. 
 
Considering the short-span framing system shown in the right half of Figure 3-1, two 
girders (BEAMS E and F) are used to span the bay length and both are framed into an 
intermediate column. The location of this intermediate column is recommended to be 18ft 
(5.49m) from either the exterior column or central column line. BEAM E, which is a 
shallower and lighter section than BEAM F, is used to span the shorter of the two 
distances. Note how this shorter distance alternates between the interior and exterior 
portion of the bay from one column line to the next. 
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For short-span construction, it is recommended that the bay width dimension be designed 
such that it is a multiple of the width of a typical car space [i.e., two spaces at 8ft – 6in 
(2.59m) each equals 17ft (5.18m)]. Such a consideration is necessary because the 
placement of the intermediate columns presents a potential obstruction for parked 
vehicles. For this reason, the bay width in the ‘PT_SS’ model differs from the ‘PT_LS’ 
models previously discussed (See Table 3-1). 
 
3.  CIP Concrete Using Metal Deck – Configuration 1, Clear-Span Construction 
One potential framing configuration for cast-in-place, conventionally reinforced concrete 
slabs on stay-in-place metal forms is presented in Figure 3-2 as Configuration 1. The 
defining feature of the Configuration 1 framing plan is the presence of transverse beams 
framed into the main girders. The typical clear-span framing plan, as seen in the left half 
of Figure 3-2 (i.e., to the left of the longitudinal center line), provides the basis for the 
RC1_LS model. The notation ‘RC’ corresponds to conventionally reinforced concrete, 
‘1’ denotes Configuration 1, and ‘LS’ represents the long-span construction option, as 
before. Typical girder sizes, bay width, and bay length dimensions used to develop the 
RC1_LS model are provided in Table 3-1. 
 
Considering the clear-span framing system shown in the left half of Figure 3-2, girders 
(BEAM E) are spaced evenly according to the bay width dimension and span the full 
length of the bay, typical of long-span construction. Girders are framed directly into 
columns at each end. As previously mentioned, transverse beams (BEAM B) are spaced 
evenly along the bay length and framed into the main girders. This allows for an 
increased bay width dimension by transmitting load into the main girders. The transverse 
beams are lighter and shallower than the main girders (BEAM E). The girders are also 
heavier sections than those utilized in the post-tensioned slab system (BEAM A) 
previously discussed (See Table 3-1). 
 
4.  CIP Concrete Using Metal Deck – Configuration 1, Short-Span Construction 
Framing Configuration 1 for cast-in-place, conventionally reinforced concrete slabs on 
stay-in-place metal forms, seen in Figure 3-2, also provides the basis for the RC1_SS 
model. The notation ‘RC’ corresponds to conventionally reinforced concrete, ‘1’ denotes 
Configuration 1, and ‘SS’ represents the short-span construction option, as before. The 
typical short-span framing plan is shown in the right half of Figure 3-2 (i.e., to the right 
of the longitudinal center line). Typical girder sizes, bay width, and bay length 
dimensions used to develop the aforementioned model are provided in Table 3-1. 
 
Considering the short-span framing system shown in the right half of Figure 3-2, two 
girders (BEAMS F and G) are used to span the bay length and both are framed into an 
intermediate column. As noted in the discussion of the short-span framing system used to 
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develop the PT_SS model, the location of this intermediate column is recommended to be 
18ft (5.49m) from either the exterior column or central column line. BEAM F is 
shallower and lighter than BEAM G and is used to span the shorter of the two distances, 
which alternates between the interior and exterior portion of the bay from one column 
line to the next. Transverse beams (BEAM B) are framed into the main girders and 
spaced evenly along the bay length. The transverse beams are lighter and shallower than 
either of the main girders (BEAMS F and G) (See Table 3-1). 
 
5.  CIP Concrete Using Metal Deck – Configuration 2, Clear-Span Construction 
An alternative framing configuration for cast-in-place, conventionally reinforced concrete 
slabs on stay-in-place metal forms is presented in Figure 3-3 as Configuration 2. This 
framing configuration only has a clear-span framing option, and it provides the basis for 
the RC2_LS model. The notation ‘RC’ corresponds to conventionally reinforced 
concrete, ‘2’ denotes Configuration 2, and ‘LS’ represents the long-span construction 
option, as before. Typical girder sizes, bay width, and bay length dimensions used to 
develop the RC2_LS model are provided in Table 3-1. 
 
Considering Figure 3-3, girders (BEAM B) are spaced evenly at 10ft (3m) and span the 
full bay length. The bay width dimension is 30ft (9m), so every third girder frames 
directly into columns at each end. The two intermediate girders frame into transverse 
beams (BEAM D) that transfer load into the ends of the primary girders adjacent the 
columns (See Figure 3-3). The size of the girders used in this scheme is comparable to 
those of the post-tensioned slab system (See Table 3-1). 
 
3.2. Analysis Models 
The models used for the analyses were developed according to the AISC Design Guide 
18 (Churches, 2003) discussed in Section 3.1. Section 3.2.1 discusses the parking garage 
analysis models and Section 3.2.2 discusses the vehicle model and fire characteristics. 
 
3.2.1. Parking Garage Analysis Models 
The parking garage models were created using PyroSim, a graphical pre-processor to the 
Fire Dynamics Simulator (FDS) that is explained in Chapter 4. As was discussed in 
Chapter 2, the FDS program was used to run the fire analyses and determine output heat 
fluxes. FDS models must be constructed with a uniform computational mesh. Since cell 
aspect ratios closest to 1.0 are ideal, cubic mesh cells were used. As discussed by 
Bayreuther (2006), building-scale models in FDS require cell sizes of 0.100m to 0.150m 
for reasonable accuracy. This range of cell sizes tends to be effective in both capturing 
radiative effects of fire and modeling convection via the Large Eddy Simulation within 
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FDS. A 0.125m cubic mesh was used to create the models in this research. All 
dimensions within the model were therefore constrained to 0.125m. Typical framing plan 
dimensions from Design Guide 18 (Figure 3-1 to Figure 3-3) are approximated to the 
nearest 0.125m, and all structural elements are rectilinearly approximated. Figure 3-4 to 
Figure 3-20 show dimensioned figures of parking garage models developed. Plans of 
each model are provided in Figure 3-4 through Figure 3-8, side elevation views are 
provided in Figure 3-9 through Figure 3-14, and side elevation details are provided in 
Figure 3-15 through Figure 3-20. 
 
Since structural steel thicknesses considered are on the order of five to twenty times less 
than the 0.125m mesh cell size selected, they could not be modeled with an appreciable 
thickness. Instead, beam and column webs and flanges were modeled as sheet 
obstructions on cell boundary lines, as seen in Figure 3-21. Surface properties assigned to 
each thin-sheet layer appropriately considered actual steel thicknesses for the purpose of 
calculations. Steel thicknesses for webs and flanges were assigned in accordance with 
nominal dimensions provided in the AISC LRFD Manual of Steel Construction (2001) 
for each of the steel sections outlined in Table 3-1. The definition of material properties 
will be discussed more fully in Chapter 4. 
 
As seen in Figure 3-4 to Figure 3-8, all models considered a 27m section of parking 
structure length. This dimension was chosen because it allowed for multiple longitudinal 
column-forming bays to be modeled in each framing system considered. Structures were 
all modeled to be two bay-lengths wide, which correlates to a single ramp wrapping 
around a central line of columns. Since the 27m parking structure sections considered 
were assumed to be taken near the center of the structure (i.e., away from the end turn-
around bays), all but two models were developed in a tiered fashion to idealize the offset 
of slabs due to opposing ramps, similar to the staggered models developed by Bayreuther 
(2006). Although the idealization does not accurately capture the shallow slopes of the 
slabs, it does allow combustion gases to travel upwards and across the central column 
line. This particular mode of heat transmission is of significant interest when comparing 
various framing geometries. The remaining two models considered the case that the 
opposing ramps were at the same elevation (similar to the condition near the end turn 
around bays), thereby eliminating any openings from one floor to the next at the central 
column line. This provided an additional analysis variable for comparing given fire 
scenarios. Figure 3-9 through Figure 3-13 show staggered floor elevations, while Figure 
3-14 shows the level floor elevation scheme used in the PT_LS_level model (See also 
Figure 4-5). 
 
3.2.2. Vehicle Model and Fire Characteristics 
In order to allow for the comparison of analysis results determined in this research with 
those determined by Bayreuther (2006) and Strenchock (2008), similar vehicle model and 
fire characteristics were used. The following is extracted from Bayreuther (2006). 
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Vehicle Model 
Like the approximations that were made to create parking garage models, the vehicle 
model geometry was also simplified in order to conform to the 0.125m mesh and to 
match the fire behavior exhibited during actual testing performed by Khono et al. (2004). 
The vehicle model is intended to represent a typical midsize passenger vehicle, and all 
surfaces in the model are considered to be inert. The dimensions are approximations of a 
2004 Ford Taurus. As shown in Figure 3-22, the body of the vehicle is approximated by a 
rectangular prism, 4.5m long, 1.75m wide, and 1m high. A 0.125m thick plate, 1.75m 
long and 1.5m wide, is centered 0.5m over the body to represent the roof of the cab of the 
vehicle. Four rows of ten vehicles were placed in each model, which will be referred to 
by the vehicle positions specified in Figure 3-23. 
 
Fire Characteristics 
The fire is modeled in FDS as a flat surface called a burner, and is distributed over the 
area that would be taken up by the cab in a real vehicle as shown in Figure 3-22. The 
burner was modeled as a flammable solid vent with a specified time-varying heat release 
rate input. Figure 3-24 shows the heat release record chosen as the input to the models in 
this research. The area under the heat release time-history is defined as the total energy 
release recorded during the analysis, which for this vehicle is 6946 MJ. Based on research 
conducted by Bayreuther, the specific vehicle was chosen because its heat release record 
had a total energy release and heat flux in the upper range of the data shown in Table 3-2. 
 
The heat release time-history was modified for this research from that curve used by 
Bayreuther (2006) and Strenchock (2008) (See Figure 2-6, Vehicle 2), which had a total 
energy release of 7387 MJ. For this research, the heat release time-history was brought to 
a value of zero at t = 3600sec, essentially extinguishing the input fire. This was necessary 
due to the thermal properties of steel in comparison to the concrete previously studied by 
Bayreuther and Strenchock. Preliminary analyses suggested continued conductance of 
heat in the steel framing members in proximity to the vehicle fire, even at the low heat 
release rates near the end of the fire history. In order to ensure that internal member 
temperatures would begin to dissipate and a maximum steel temperature could be 
attained within the analysis duration considered, the Vehicle 2 fire history used by 
Bayreuther and Strenchock was extinguished at t = 3600sec. This will be discussed more 
fully in Chapter 7. 
 
As seen in Figure 3-24, there are six times over the course of the fire history labeled t1 
through t6. These times were selected based on key transitions within the heat release 
time-history. In Chapter 5, thermal slice images are shown at these times in each of the 
fire analyses in order to illustrate how heat generated by the vehicle fire flows throughout 
the parking structure. The times t1 through t6 are taken at approximately 360sec, 760sec, 
1515sec, 2460sec, 3600sec, and 5400sec, respectively.  
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3.3. Fire Analyses 
The following sections present the analysis matrix and explain the variables addressed in 
this research. 
 
3.3.1. Analysis Matrix 
In total, seven fire analyses were performed to address three analysis variables and to 
investigate heat transmission throughout a steel-framed, open-deck parking structure. 
Table 3-3 summarizes the analyses performed, which are described in Sections 5.2.1 
through 5.2.7. The three variables addressed in this research were framing geometry, 
floor elevation, and fire characteristics, namely a multiple-vehicle fire versus a single-
vehicle fire. Sections 3.3.2 through 3.3.4 discuss these analysis variables. 
 
3.3.2. Analysis Variable: Framing Geometry 
The primary analysis variable of this research is framing geometry. As discussed in 
Section 3.2, the models used for the fire analyses were developed according to the AISC 
Design Guide 18 (Churches, 2003). Five different framing plans were selected, from 
which seven tests were developed. The five basic framing plans, as discussed in Section 
3.1.1, included long- and short-span framing options for cast-in-place post-tensioned slab 
systems, and two framing configurations for a cast-in-place concrete on metal decking 
slab system. Configuration 1 had both long- and short-span framing options, while 
Configuration 2 only considered a long-span framework. Key differences within each of 
these framing plans that could lead to variations in heat transmission throughout the 
overall parking structure include the size, orientation, and spacing of steel framing 
members.  
 
3.3.3. Analysis Variable: Floor Elevation 
Typical parking structure design, per the AISC Design Guide 18 (Churches, 2003), 
consists of opposing ramps to each side of a center wall or central line of columns. At the 
far ends of the structure, the slab to each side of the central column line is at the same 
elevation. This transition area between the ramp up from a lower level of parking and the 
ramp up to a higher level of parking is denoted as the “turn around bay” in the AISC 
Design Guide 18. At the middle of the structure along its length, however, the ramps are 
inclined at opposing angles, thereby resulting in an offset of the slabs. This geometry may 
allow combustion gases to spread from one floor to another. In order to capture this 
behavior, the FDS models were generated such that the concrete slabs to each side of the 
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central column line were offset by one-half story height (i.e. 1.5m), described here as 
staggered. As previously stated in Section 3.2.1, the 27m parking structure sections 
considered were assumed to be taken near the center of the structure (i.e., away from the 
end turn around bays). Therefore, Analyses 1 through 5 and Analysis 7 treat the staggered 
floor elevation (See Table 3-3).  
 
In the event that the elevation of the ramps is maintained level for a portion of the 
structure length beyond the end turn around bay, a level floor elevation was considered. 
This geometry does not provide a path for combustion gases to travel vertically through 
the structure at the central column line. In order to appropriately understand the effects of 
the floor elevation analysis variable, Analysis 6 (PT_LS_level) considers the same 
vehicle fire input and framing geometry as Analysis 1 (PT_LS), but it treats the level 
floor elevation as opposed to the staggered floor elevation (See Table 3-3). See Figure 
3-9 and Figure 3-14 for a representation of the staggered and level floor elevation 
schemes, respectively (See also Figure 4-5). 
 
3.3.4. Analysis Variable: Vehicle Fire Characteristics 
The title of this analysis variable, ‘vehicle fire characteristics,’ is used to describe the 
event of fire spread from the initial burn vehicle to adjacent vehicles. Analyses 1 through 
6 consider a single burn vehicle in position C5, as defined in Figure 3-23, henceforth 
referred to by its position number (i.e., Vehicle C5). Analysis 7 presents a multiple-
vehicle fire scenario in which Vehicle C5 is ignited at t = 0. The fire spreads to Vehicles 
C4 and C6 at t = 6min, and subsequently to Vehicles C3 and C7 at t = 12min, 
corresponding to a ∆t of 6min (See Table 3-3). Figure 3-25 shows the overlapping of 
input heat release rate time-histories for each vehicle considered in the multiple-vehicle 
fire burn sequence. The input heat release rate for each vehicle is the same as that for the 
single vehicle used in all other models (See Figure 3-24).  
 
The time interval between ignitions of adjacent vehicles was selected to be six minutes 
based on the findings of Strenchock (2008). Strenchock studied the differences between 
ignition times of six minutes (∆t = 6min) and twelve minutes (∆t = 12min) in the 
multiple-vehicle fire analyses 6 Min Bottom and 12 Min Bottom, respectively. 
Thermocouple data showed that the maximum gas temperature reached in the 6 Min 
Bottom analysis was more than 300°C greater than the maximum temperature reached in 
the 12 Min Bottom analysis. Therefore, a six minute time interval between the ignitions 
of adjacent vehicles was selected on the basis that it would generate a more significant 
response in affecting the integrity of the parking structure than a twelve minute time 
interval. In addition, a closer look at the input heat release rate records in Figure 3-25 
shows that the first peak (i.e. time t1) occurs at approximately t = 6min. It is reasonable to 
assume that fire spread to an adjacent vehicle would occur at such a peak. 
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Beam A Beam B Beam C Beam D Beam E Beam F Beam G
Design 
Guide 
18
Model
Design 
Guide 
18
Model
PT_LS W27x84 W14x22 61ft 18.5m 18ft 5.5m
PT_SS W14x22 W16x26 W24x76 61ft 18.5m 17ft 5.25m
RC1_LS W12x19 W14x22 W33x130 61ft 18.5m 25.5ft 7.875m
RC1_SS W12x19 W14x22 W14x22 W24x84 61ft 18.5m 25.5ft 7.875m
RC2_LS W24x84 W21x44 60ft 18.5m 30ft 9m
PT_LS_level W27x84 W14x22 61ft 18.5m 18ft 5.5m
PT_LS_ 
spread W27x84 W14x22 61ft 18.5m 18ft 5.5m
Bay Length Bay WidthTypical Beam Sizes per Bay Length and Bay Width Dimensions
Analysis
  
Table 3-1: Beam sizes, bay width, and bay length dimensions used in models per AISC Design Guide 18 
(Churches, 2003). 
 
Type of Vehicle 
Year of 
Vehicle 
Peak Heat 
Flux (MW) 
Total Heat 
Release (GJ) Reference 
Ford Taurus 1.6 Late 1970's 2 3.32 
Mangs and Keski - 
Rahkonen (1994) 
Datsun 160J Late 1970's 2 3 
Mangs and Keski - 
Rahkonen (1994) 
Datsun 180B Late 1970's 2 3.88 
Mangs and Keski - 
Rahkonen (1994) 
Unknown 1970-1980 2 Unknown Zhao and Kruppa 
Unknown 1990 8.5 Unknown Zhao and Kruppa 
Austin Maestro 1982 7.5 
(Extinguished 
@ 17 min) 
Shipp and Spearpoint 
(1995) 
Citroen BX 1986 4.5 5 
Shipp and Spearpoint 
(1995) 
Minivan 1995 2.4 
(Extinguished 
@ 4 min) Stroup (2001) 
Trabant Unknown 3.8 3.1 Steinert (2000) 
Austin Unknown 1.9 3.2 Steinert (2000) 
Citroen Unknown 4.6 8 Steinert (2000) 
Compact 4-door (2L 
Engine) Mid-1990's 2.44 4.47 Khono et. Al. (2004) 
Compact 4-door (2L 
Engine) Mid-1990's 3.21 5.12 Khono et. Al. (2004) 
Midsize 4-door (3L 
Engine) Early-1990's 4.93 8.51 Khono et. Al. (2004) 
Midsize 4-door (3L 
Engine) Early-1990's 3.76 6.99 Khono et. Al. (2004) 
Minivan Early-1990's 4.66 5.53 Khono et. Al. (2004) 
Midsize SUV (3L 
Engine) Early-1990's 3.36 5.67 Khono et. Al. (2004) 
Midsize SUV (3L 
Engine) Mid-1990's 5.11 7.39 Khono et. Al. (2004) 
Full-size Mercedes 
(5.6L Engine) Early-1990's 6.76 8.11 Khono et. Al. (2004)  
Table 3-2: Summary of vehicle fire burn analyses researched by Bayreuther (Bayreuther, 2006). 
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# Name CIP Post Tensioned
CIP on 
Metal 
Deck
Long 
Span
Short 
Span Staggered Level Floor Position
Ignition 
Time 
(Min.)
1 PT_LS X X X 1 C5 0
2 PT_SS X X X 1 C5 0
3 RC1_LS X X X 1 C5 0
4 RC1_SS X X X 1 C5 0
5 RC2_LS X X X 1 C5 0
6 PT_LS_level X X X 1 C5 0
1 C5 0
1 C4 6
1 C6 6
1 C3 12
1 C7 12
X X
Vehicle Fire CharacteristicsFloor Elevation
PT_LS_ 
spread7 X
Analysis
Slab Type Framing Type
Framing Geometry
 
Table 3-3: Analysis matrix for FDS analyses. 
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Figure 3-1: Typical Framing Plan – CIP and PT Slab [AISC Design Guide 18 (Churches, 2003)]. Used as 
basis for PT_LS, PT_LS_level, and PT_LS_spread models (Clear-Span Construction to left of longitudinal 
center line) and PT_SS model (Short-Span Construction to right of longitudinal center line). 
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Figure 3-2: Typical Framing Plan – Cast-in-Place Concrete Using Metal Deck – Configuration 1 [AISC 
Design Guide 18 (Churches, 2003)]. Used as basis for RC1_LS model (Clear-Span Construction to left of 
longitudinal center line) and RC1_SS model (Short-Span Construction to right of longitudinal center line). 
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Figure 3-3: Typical Framing Plan – Cast-in-Place Concrete Using Metal Deck – Configuration 2 [AISC 
Design Guide 18 (Churches, 2003)]. Used as basis for RC2_LS model. 
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Figure 3-4: Plan view of PT_LS, PT_LS_level, and PT_LS_spread FDS models (units in meters). 
 
 
 
 
 
Figure 3-5: Plan view of PT_SS FDS model (units in meters). 
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Figure 3-6: Plan view of RC1_LS FDS model (units in meters). 
 
 
 
 
 
Figure 3-7: Plan view of RC1_SS FDS model (units in meters).  
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Figure 3-8: Plan view of RC2_LS FDS model (units in meters). 
 
 
 
 
 
Figure 3-9: Side elevation view of PT_LS and PT_LS_spread FDS models (units in meters). 
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Figure 3-10: Side elevation view of PT_SS FDS model (units in meters). 
 
 
 
 
 
 
Figure 3-11: Side elevation view of RC1_LS FDS model (units in meters). 
 
 
 
 
 
 
Figure 3-12: Side elevation view of RC1_SS FDS model (units in meters). 
 
 
5.5625 18.5 
3.0 
1.5 3.0 
5.56257.375 
37.625
3 @ 2.625 
=7.875 
18.5 
3.0 
1.5 3.0 
37.625
3 @ 2.625 
=7.875 
2.75 
3 @ 2.625 
=7.875 
7.375 
3.0 
1.5 3.0 
37.625
3 @ 2.625 
=7.875 2.75 
5.5625 5.5625
See Figure 3-16 
See Figure 3-17 
See Figure 3-18
  - 48 - 
 
 
 
Figure 3-13: Side elevation view of RC2_LS FDS models (units in meters). 
 
 
 
 
 
 
Figure 3-14: Side elevation view of PT_LS_level FDS models (units in meters). 
 
 
 
 
Figure 3-15: Side elevation detail of PT_LS, PT_LS_level, and PT_LS_spread FDS models (units in 
meters). 
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Figure 3-16: Side elevation detail of PT_SS FDS model (units in meters). 
 
 
 
 
Figure 3-17: Side elevation detail of RC1_LS FDS models (units in meters). 
 
 
 
 
Figure 3-18: Side elevation detail of RC1_SS FDS models (units in meters). 
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Figure 3-19: Side elevation detail 1 of RC2_LS FDS models (units in meters). 
 
 
 
Figure 3-20: Side elevation detail 2 of RC2_LS FDS models (units in meters). 
 
 
 
Figure 3-21: Example of steel framing section modeled as thin-sheet obstruction on FDS cell boundary 
lines. 
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Figure 3-22: Burn vehicle model, clockwise from top left: Plan view; front/rear elevation view; outline of a 
2000 Ford Taurus with overlay of 0.125m approximation; PyroSim screenshot of burning car model against 
center wall; side elevation view. 
 
 
Figure 3-23: Vehicle locations and position labeling typical of all garage models (framing to vary). 
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Figure 3-24: Input vehicle heat release record. 
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Figure 3-25: Input vehicle heat release sequence for multiple-vehicle fire in PT_LS_spread analysis. 
t1 t2 t3 t4 t5 t6
Vehicles C4 and C6
Vehicles C3 and C7
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  - 53 - 
4. FIRE ANALYSIS PROCEDURE 
 
This chapter explains the procedure used to conduct the fire analyses. Section 4.1 
provides an overview of the analysis procedure. Section 4.2 describes the specification of 
material properties and analysis parameters in generating the parking garage models 
through the use of an interactive graphical preprocessor (PyroSim). Section 4.3 explains 
the use of Fire Dynamics Simulator (FDS), the computer program that solves the 
equations to complete the fire analyses. Section 4.4 describes the types of output obtained 
from the parking garage models. 
 
4.1. Overview of Analysis Procedure 
The objective of the fire analyses was to simulate specific vehicle fire scenarios in a 
steel-framed parking structure and determine the resulting gas temperatures and heat flux 
time-histories at key locations in the structure. Plots of gas temperature time-histories are 
useful for comparing different fires as well as different framing plans in response to a 
given fire. Knowledge of heat flux time-histories is necessary to perform subsequent heat 
transfer analyses, which determine thermal histories within structural members in 
response to fire. A procedure utilizing multiple computer programs was implemented in 
order to acquire the gas temperatures and heat flux results from each analysis. The 
following sections explain the sequential steps of the analysis procedure. 
 
4.2. Creating the Analysis Model 
The parking garage models were built using PyroSim, a graphical interface that serves as 
a preprocessor to FDS (as discussed in Chapter 2, FDS is the computer program used to 
compute the gas temperatures and heat flux values). In addition to assembling the 
models, material properties and analysis parameters are specified in PyroSim. Sections 
4.2.1 to 4.2.3 detail the material properties and analysis parameters specified in PyroSim 
for this research. The terminology used in these sections is the same terminology used in 
PyroSim and FDS. 
 
4.2.1. Steel Material Properties 
Structural framing elements, including columns, girders, and secondary beams, were 
assigned the properties of steel as explained below. 
Surface Type: 
 Non-flammable Solid 
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Properties: 
 Emissivity: 0.7 
 
Backing: Exposed – FDS allows three backing conditions: (1) Air-gap, which is 
used for hollow walls such as gypsum board over wood studs; (2) Insulated, 
which is used for similar situations as the air-gap condition but includes insulation 
in the void; and (3) Exposed, which is used when the back of the obstruction is 
exposed. (Note: Any solid object in FDS is referred to as an obstruction.) This 
condition allows a one-dimensional heat transfer through the thickness of the 
obstruction as long as the obstruction is at most one cell thick. As with air-gap 
and insulated backing conditions, FDS does not compute heat transfer through 
exposed backing obstructions greater than one cell thick. Modeling heat transfer 
through the material is desirable. Additionally, all steel sections are modeled as 
thin-sheet obstructions at cell boundary lines and are thus less than one cell thick. 
Therefore, exposed was selected as the backing condition. 
Boundary Conditions: 
Surface Type: Thermally Thick – FDS allows four thermal boundary conditions: 
(1) Fixed temperature solid surface; (2) Fixed heat flux solid surface; (3) 
Thermally thick solid; and (4) Thermally thin sheet. The thermally thick condition 
was chosen for this research because it is the only condition that allows the user to 
prescribe thermal properties of the material. 
 
Thermal Conductivity: The thermal conductivity of the material could either be 
specified as a constant value, or allowed to vary with temperature. Since the 
thermal conductivity of steel varies with temperature, the second option was 
chosen. Figure 4-1 shows the variation in thermal conductivity with temperature 
that was used as the thermal conductivity input.  
 
Specific Heat: The specific heat could also either be specified as a constant value, 
or allowed to vary with temperature. Since the specific heat of steel varies with 
temperature, the second option was chosen. Figure 4-2 shows the variation in 
specific heat with temperature specified in the Eurocode as well as a modified 
version of that curve. This modification was performed in accordance with 
previous findings by Lee (2006). While running heat transfer models, Lee found 
that the sharp peak in the Eurocode specific heat relationship led to numerical 
instabilities in solution convergence. The modification, which provides the same 
area under the curve as the original Eurocode relationship, was therefore utilized 
in both the FDS fire modeling and subsequent heat transfer analyses of this 
research. 
 
Density: 7850 kg/m3 
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4.2.2. Concrete Material Properties 
Slabs, precast fascia elements and vehicle barriers were assigned the properties of 
concrete as explained below.  
Surface Type:  
Non-Flammable Solid 
Properties:  
Emissivity: 0.6 
 
Backing: Exposed 
Boundary Conditions: 
Surface Type: Thermally Thick 
 
Thermal Conductivity: The thermal conductivity of concrete was specified as 
temperature dependent. Figure 4-3 shows the variation in thermal conductivity 
with temperature that was used as the thermal conductivity input. The plot shows 
the linear approximations of the true curve that were assumed for simplicity. 
 
Specific Heat: The specific heat of concrete was also specified as temperature 
dependent. Figure 4-4 shows the variation in specific heat with temperature that 
was used as the specific heat input. 
 
Density: 2100 kg/m3 
 
4.2.3. Analysis Parameters 
In addition to the material properties, there are a number of analysis parameters that must 
be specified in PyroSim. The parameters chosen for the fire analyses of this research are 
explained in this section. 
Time: 
Duration: The total duration of each FDS analysis was 5760sec. Only the first 
5400sec of each analysis were studied in detail. However, the additional six 
minutes (360sec) were specified to ensure sufficient data was collected for input 
to subsequent heat transfer analyses. 
 
Also, 3600sec was chosen as the duration of a single-vehicle fire because all of 
the vehicle fire tests that the heat release rate (HRR) data were taken from are 
essentially complete at about the one hour mark. For single-vehicle fire scenarios, 
sufficient time is allowed for materials to cool after the completion of the fire. For 
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multiple-vehicle fire scenarios, the time interval between the ignitions of adjacent 
vehicles is chosen based on test results by Strenchock (2008). Strenchock found 
that a six minute time interval between the ignitions of adjacent burn vehicles 
produced significantly higher peak gas temperatures than a twelve minute time 
interval, as previously discussed in Section 2.1.5. All vehicle fires in the multiple-
vehicle fire scenario considered in this research are extinguished by t = 4320sec. 
In this way, sufficient time is allowed for heat dissipation to initiate within steel 
framing elements after the completion of the final vehicle fire in the burn 
sequence. 
 
Initial Time Step: The FDS solver default value of 1E-02 seconds was specified. 
 
Number of output frames: The FDS default value of 1000 frames was specified. 
Environment:  
Ambient Temperature: The FDS default value of 20°C was chosen.  
 
Ambient Pressure: The FDS default value of 1.01325E5 Pa was chosen. 
 
Initial Wind Velocity: No wind was included in this study. 
Simulator: 
Non-Isothermal Calculation: (YES) 
 
Enable Radiation Transport Solver: (YES) – FDS provides the option of turning 
off the radiation transport solver within the program in order to shorten 
computation times if the radiation quantity is not needed. For this research, 
radiation was a critical computed quantity, thus the solver was turned on. 
 
Simulation Type: Large Eddy (LES) – FDS can run fluid dynamics calculations 
using either Direct Numerical Simulation, which is only useful for very fine 
meshes (usually 1mm or less), and Large Eddy Simulation. Large Eddy 
Simulation was chosen for this research. 
Boundary Conditions: 
Boundaries for the model are defined in the FDS model as large, open vents that 
allow heat and combustion materials to exit the model but not return. They define 
the extents of the computational domain and are placed on all six sides of the 
model. Vents are placed at the edges of the 27m sections in each model, but are 
placed 1.5m outside the exterior column lines at ramp edges. This space is left to 
allow for the possibility that combustion gases exit the garage at first floor façade 
openings and re-enter through openings at the second floor. 
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4.3. Running the Fire Analysis 
Upon completing the model and specifying the appropriate material properties and 
analysis parameters, the PyroSim software generated a text file containing the input 
parameters needed to run the fire analysis. As discussed in Chapter 2, Fire Dynamics 
Simulator is the computer program that was used to conduct the fire analyses. The FDS 
program reads the input parameters, numerically solves equations governing gas flow, 
and writes the requested output data to files. The output data will be discussed in Section 
4.4.  
 
If the fire analysis and the input parameter text file are reasonably small, the FDS 
program can efficiently run it on a single processor. However, due to the large size and 
intricacy of the models in this research, multiple computer processors were utilized. The 
use of multiple computer processors to run an analysis, termed “multi-blocking,” was the 
technique also used in the work conducted by Bayreuther (2006) and Strenchock (2008) 
to decrease the amount of computing time required to run the models. Termed “mesh” in 
FDS, each “block” represents a separate computational domain within a given FDS 
analysis. The following description of multi-processor computing with FDS was 
extracted from Bayreuther (2006). 
 
Multi-blocking, or the use of multiple computer processors to run an FDS analysis, 
significantly decreases the amount of time required to run each model. Multi-blocking 
divides the model into essentially separate sections that are coupled together in the FDS 
code. Each section, or ‘block,’ is run on a separate processor, so a model of 2000 cells 
run on 4 processors might be blocked evenly into 4 blocks of 500 cells. Uneven multi-
blocking is also possible and may be used to create finer meshes in critical sections of a 
model while using more coarse meshes in other portions. A thorough explanation of 
multi-blocking schemes is available in the FDS User’s Guide (McGratten, 2007), and 
Minkowycz (2000) also discusses the mathematical implications of CFD model division. 
 
For each analysis, the mesh scheme (i.e., blocking scheme) for the model was chosen to 
be simple while trying to keep mesh boundaries away from direct contact with flame 
wherever possible. This was done because the placement of mesh boundaries too near fire 
activity can result in calculation discrepancies across mesh boundary lines (McGratten, 
2007). Eight processors were available on the computing clusters used to run the 
analyses. However, it was decided to keep two of the eight processors free to allow more 
seamless communication between the processors. Each model was therefore divided into 
six meshes as shown in Figure 4-5. Mesh schemes are provided for both staggered and 
level-tier analyses, as previously discussed in Chapter 3. 
 
In order to conform to the FDS computational constraints, the mesh dimensions had to be 
such that the total number of cells within each mesh was a multiple of 2, 3, and 5. This is 
because an important part of the FDS calculation uses a Poisson solver based on Fast 
Fourier Transforms. Cell numbers in multiples of 2, 3, and 5 allow for more efficient 
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calculations. Consequently, each of the interior meshes (Mesh 2, 3, 5, and 6) was 216 
cells in the x-direction, 80 cells in the y-direction, and 24 cells in the z-direction for a cell 
subtotal of 414,720 cells for each interior mesh. The end meshes (Mesh 1 and 4), which 
were twice as tall as the interior meshes, were 48 cells in the z-direction. That 
corresponded to a cell subtotal of 829,440 cells for each end mesh, and a total of 
3,317,760 cells in the entire model. Each analysis model utilized these mesh dimensions. 
 
The double-height meshes were placed at the ends because each of the vehicle fire 
scenarios considered placed the burn vehicle(s) at the interior of ramp, adjacent the 
central line of columns. By default, the time steps in each mesh are synchronized during 
the FDS analysis, which makes all meshes active for each iteration. For multi-processor 
calculations, this corresponds to a tighter connection between meshes, and also allows the 
user to monitor the efficiency of the parallel calculation. The downside to the 
synchronization of time steps is that no single mesh can complete its next calculation 
until a given step is complete for all meshes. Since the double-height meshes potentially 
required twice as many calculations to complete a single time step, they were placed 
away from the fire where it was assumed that less significant calculations would be 
necessary. 
 
4.4. FDS Output Data 
Before an FDS analysis is run, the output data must be specified. Thermocouples were 
used to record gas temperatures at distinct points in the structure throughout the entire 
duration of the analysis. Thermocouple locations were specified in PyroSim, and vary 
from model to model depending on locations of interest for a given framing plan. Some 
thermocouple locations are typical of all models, allowing for direct comparison of 
analyses. Specific locations considered for each analysis will be provided in context with 
thermocouple data in the analysis results presented in Chapter 5. 
 
In addition to the thermocouple data, gas temperatures were also recorded along several 
planes or “slices” through the model. The locations of the slices were chosen at critical 
planes in the model, and are shown in Figure 4-6 and Figure 4-7. These planes were 
typical of each parking garage model generated. Using Smokeview, a post-processor to 
FDS, data recorded by the slice files was displayed graphically (as shown in Chapter 5).  
 
FDS also has the capability of creating boundary files. Boundary files record surface 
quantities at all solid obstructions. For this research, heat flux time-histories at the steel 
beam surfaces were gathered in the form of boundary files. The heat flux data recorded 
by the boundary files was used as the input to non-linear heat transfer finite element 
analyses that are presented in Chapter 7. 
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Figure 4-1: Thermal conductivity of steel as a function of temperature. 
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Figure 4-2: Specific heat of steel as a function of temperature. 
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Figure 4-3: Thermal conductivity of concrete as a function of temperature. 
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Figure 4-4: Specific heat of concrete as a function of temperature. 
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Figure 4-5: Mesh layout for FDS models ((a) staggered analyses: PT_LS, PT_SS, RC1_LS, RC1_SS, 
RC2_LS, and PT_LS_spread; (b) level analyses: PT_LS_level. 
(a) 
(b) 
z
x
y
1 2 
3 
6 
5 
4 
1 2 
5 6 
3 
4 
  - 62 - 
 
 
Figure 4-6: x and y slice image key for all models (plan view). Coordinates provided in meters. 
 
     
 
Figure 4-7: z slice image key for staggered models (side elevation view). Coordinates provided in meters. 
 
     
 
Figure 4-8: z slice image key for level models (side elevation view). Coordinates provided in meters. 
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5. INDIVIDUAL FIRE ANALYSIS SUMMARIES 
 
This chapter presents results of each of the individual fire analyses. The procedure 
followed to determine the results was described in Chapter 4. The format in which each 
of the seven analysis summaries is presented is outlined in Section 5.1. Section 5.2 
contains the individual summaries for each of the seven analyses: PT_LS, PT_SS, 
RC1_LS, RC1_SS, RC2_LS, PT_LS_level, and PT_LS_spread. 
 
5.1. Format of Analysis Summaries 
Each individual analysis summary is presented in the format as described below.  
1. A description of the geometry and fire properties of the model. 
2. A description of the heat movement through the structure over the 
course of the analysis, with reference to thermal slice images, 
temperature time-histories, and heat flux boundary images. 
3. Plan and elevation of the model showing location of burn vehicle(s), 
column lines, and planes at which thermal slice images were 
considered. 
4. Thermal slice images obtained from Smokeview showing the heat 
distribution through the structure. 
5. Plots of temperature time-histories showing the thermocouple records 
for locations of interest. 
6. Three-dimensional boundary images showing heat flux distributions in 
the vicinity of the vehicle fire (i.e. Mesh 2 only; See Figure 4-5 for 
location). 
 
5.2. Individual Fire Analysis Summaries 
The following sections present the results of each of the individual fire analyses 
performed in this research.  
 
5.2.1. PT_LS 
Figure 5-1 and Figure 5-2 show the geometry of the PT_LS model. The model considers 
the staggered elevation scheme shown in Figure 4-5 (a). The framing system modeled is 
the long-span construction option of the Cast-in-Place and Post-Tensioned Slab system 
from the AISC Design Guide 18 (Churches, 2003), as previously discussed in Section 
3.1.1. Girders are spaced evenly at 5.5m and span the full bay length of 18.5m, typical of 
long-span construction. The analysis considers a single burn vehicle (Vehicle C5) on the 
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first floor, lower tier, parking deck (Figure 3-23). The fire history previously provided in 
Figure 3-24 is ignited at t = 0sec. 
 
Thermal slice images created by Smokeview are shown in Figure 5-3, Figure 5-4, and 
Figure 5-6. The images of Figure 5-3 display the temperature distribution throughout the 
model 0.125m below the underside of the second floor slab (See Figure 5-2). The images 
of Figure 5-4 display the temperature distribution across the width of the model through 
the center of the burn vehicle (See Figure 5-1). The images of Figure 5-6 display the 
temperature distribution along the length of the model through the center of the burn 
vehicle (See Figure 5-1). Images were calculated for the entire duration of the analysis, 
but are provided for times t1 through t6 as previously shown in Figure 3-24 and discussed 
in Section 3.2.2. 
 
The slice images of Figure 5-3 show the spread of heat throughout the garage in both 
longitudinal and transverse directions. The images were taken in the x-y plane within the 
depth of the steel girders. Therefore, they show the tendency of the steel framing system 
to obstruct the flow of heat. The heat is observed to collect between girders and flow 
primarily in the longitudinal (y) direction, as confined by the geometry of the framing 
system. Since there are no framing obstructions at the central column line, the heat is 
allowed to flow freely across the center of the garage and to higher floors. In locations 
where heat is allowed to build up sufficiently, it is observed to flow beneath the steel 
framing to adjacent bays in the transverse (x) direction. This is best seen in bays adjacent 
to Bay B2-B3 (i.e., the bay located between Girders B2 and B3) where the burn vehicle is 
located.  
 
The slice images of Figure 5-4 show the transverse (x-direction) transmission of heat at 
the location of the vehicle fire. The images were taken in the x-z plane. The girders run 
parallel to the y-axis, and therefore obstruct lateral heat flow in the x-direction. Little to 
no heat spills over to the opposite sides of these girders. The thermal vector-slice image 
in Figure 5-5 reveals that most of the heat that flows to the Bay B3-B4 is directly from 
the source due to the proximity of Girder B3 to the burn vehicle. Therefore, it is uncertain 
how much of the heat spills over at this location upon collecting directly above the burn 
vehicle. Additionally, significantly less heat is observed at the second floor, directly 
above the vehicle fire. 
 
The slice images of Figure 5-6 show the longitudinal (y-direction) transmission of heat at 
the location of the vehicle fire. The images were taken in the y-z plane where no framing 
obstructions exist to obstruct the flow of heat. Much of the heat is observed to flow along 
the length of the first floor, lower tier. At the exterior edge of the structure, the heat 
encounters a transverse beam and a precast concrete panel attached at the façade. Some 
heat is observed to collect and flow beneath these obstructions, at which point it exits the 
garage. As the heat ascends, some is noted to return into the garage at the second level, 
but most escapes from the structure and exits the model boundaries. This is best seen in 
the thermal vector-slice image provided in Figure 5-7. Additional longitudinal heat flow 
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occurs across the central column line. This direction of heat flow also provides insight to 
vertical transmission of heat from one floor to the next by way of the offset at the central 
column line. The vector-slice image in Figure 5-8 shows the pattern of heat flow 
observed to each side of the central column line over the height of the garage. 
 
Temperature time-histories recorded by select thermocouples throughout the structure are 
plotted in Figure 5-9 to Figure 5-13. The plots display gas temperatures for the duration 
of the analysis (5400sec). Figure 5-9 shows a vertical distribution of temperature plots. 
Figure 5-10 and Figure 5-11 show longitudinal distributions of temperature plots, and 
Figure 5-12 and Figure 5-13 show transverse distributions temperature plots. All 
thermocouples were located at a distance of 0.125m below the underside of the slab 
above for a given garage floor and tier. 
 
Figure 5-9 is a graph of the temperature time-histories recorded at four thermocouples 
located directly above Vehicles B5 and C5 at the lower and upper tiers of the first and 
second floors. The plots show that heat from the burn vehicle at the first floor, lower tier, 
reaches the subsequent floors by transmission across the central column line. Gas 
temperature decreases as it travels upwards through the structure. The maximum 
temperature recorded directly above the burn vehicle was approximately 869˚C, while 
that recorded above Vehicle B5 on the second floor, upper tier, was approximately 59˚C. 
 
Figure 5-10 and Figure 5-11 are plots of the temperature time-histories recorded at three 
thermocouples to each side of the central column line. Thermocouples are aligned with 
the center of the burn vehicle in the longitudinal (y) direction. The plots show that gas 
temperature decreases as distance from the burn vehicle increases for a given tier. 
Additionally, a comparison between each plot validates the observation made from 
Figure 5-9 (i.e., temperature decreases within the structure as the vertical distance from 
the burn vehicle increases). 
 
Figure 5-12 and Figure 5-13 are plots of the temperature time-histories recorded at three 
thermocouples to each side of the central column line. Conversely to Figure 5-10 and 
Figure 5-11, thermocouples considered are aligned in the transverse (x) direction. The 
plots show that some heat from the vehicle fire flows beneath the steel framing members 
to the adjacent cavity, but the majority of the heat is contained within the cavity directly 
above the burn vehicle. Additionally, a comparison between each plot validates the 
observation made from Figure 5-9. 
 
The boundary images in Figure 5-15 and Figure 5-16 provide a graphical representation 
of the heat flux at each surface in Mesh 2, which is the interior portion of the first floor, 
lower tier, as shown in Figure 5-14 and Figure 4-5(a). The vantage points from which 
Figure 5-15 and Figure 5-16 are viewed and the heat flux scale defining the gradient for 
the heat flux distribution are also provided in Figure 5-14. Each of the boundary images 
provided were taken at time = t1 (i.e., the first peak in the vehicle heat release record).  
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Similar to that observed in the thermal slice images depicting the temperature distribution 
throughout the structure, it is clear that the framing geometry also affects the heat flux 
distribution throughout the structure. Additionally, those surfaces in closest proximity to 
the fire source and with a direct path of heat radiation exhibit the greatest heat fluxes. 
Looking at either Figure 5-15 or Figure 5-16, Bay B2-B3 experiences greater positive 
heat fluxes than any of the adjacent bays. The same is true of the webs of steel framing 
members closest to the burn vehicle. However, a comparison of Figure 5-15 and Figure 
5-16 shows that the sides of the webs of steel framing members that are facing the burn 
vehicle experience greater input heat fluxes than those that face away from the burn 
vehicle. This is attributed to the presence of a direct path for heat to radiate from the fire 
to the surface in question. 
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Figure 5-1: PT_LS model (plan view). Location of thermal slice images at x = 12.125m and y = 15.5m. 
 
 
 
Figure 5-2: PT_LS model (side elevation view). Location of thermal slice images at z = 2.75m (lower tier) 
and z = 4.25m (upper tier). 
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 Figure 5-3: PT_LS thermal slice images showing temperature distribution in x-y plane at z = 2.75m (left) 
and z = 4.25m (right). Temperature scale in degrees Celsius. 
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Figure 5-4: PT_LS thermal slice images showing temperature distribution in x-z plane at y = 15.5m. 
Temperature scale in degrees Celsius. 
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Figure 5-5: PT_LS thermal vector-slice image showing temperature distribution and direction of heat flow 
adjacent burn vehicle on the first floor, lower tier. Image taken in x-z plane at y = 15.5m, time = t1 (See 
Figure 5-4 for temperature scale). 
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Figure 5-6: PT_LS thermal slice images showing temperature distribution in y-z plane at x = 12.125m. 
Temperature scale in degrees Celsius. 
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Figure 5-7: PT_LS thermal vector-slice image showing temperature distribution and direction of heat flow 
at end of bay. Slice taken in y-z plane at x = 12.125m, time = t2. Temperature scale in degrees Celsius. 
 
Figure 5-8: PT_LS thermal vector-slice image showing temperature distribution and direction of heat flow 
across the central column line. Slice taken in y-z plane at x = 12.125m, time = t2 (See Figure 5-7 for 
temperature scale). 
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Figure 5-9: PT_LS temperature time-histories above Vehicles B5 and C5 at first and second floors at x = 
12.125m; y = 15.5m, 21.5m; z = 2.75m, 4.25m, 5.75m, 7.25m. 
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Figure 5-10: PT_LS temperature time-histories in line with Burn Vehicle C5 at first floor lower tier, at x = 
12.125m; y = 0.125m, 9.25m, 15.5m; z = 2.75m. 
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Figure 5-11: PT_LS temperature time-histories in line with Burn Vehicle C5 at first floor upper tier, at x = 
12.125m; y = 21.5m, 27.75m, 36.875m; z = 4.25m. 
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Figure 5-12: PT_LS temperature time-histories above Vehicle C4, Burn Vehicle C5, and Vehicle C6 at 
first floor lower tier, at x = 9.375m, 12.125m, 14.875m; y = 15.5m; z = 2.75m. 
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Figure 5-13: PT_LS temperature time-histories above Vehicles B4, B5, and B6 at first floor upper tier, at x 
= 9.375m, 12.125m, 14.875m; y = 21.5m; z = 4.25m. 
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Figure 5-14: Boundary image key. Heat flux scale in kW/m2. 
 
 
 
Figure 5-15: PT_LS Mesh 2 boundary image, View 1, showing heat flux distribution at time = t1. 
 
 
 
Figure 5-16: PT_LS Mesh 2 boundary image, View 2, showing heat flux distribution at time = t1. 
 
View 1: See Figure 5-15 View 2: See Figure 5-16 
Mesh 2: See Figure 4-5 
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5.2.2. PT_SS 
Figure 5-17 and Figure 5-18 show the geometry of the PT_SS model. The model 
considers the staggered elevation scheme shown in Figure 4-5 (a). The framing system 
modeled is the short-span construction option of the Cast-in-Place and Post-Tensioned 
Slab system from the AISC Design Guide 18 (Churches, 2003), as previously discussed 
in Section 3.1.1. Girders are spaced evenly at 5.625m. Two girders are used to span the 
bay length of 18.5m. A smaller girder (BEAM E) spans 5.5m and is framed into an 
intermediate column. A larger girder (BEAM F) spans the remainder of the bay length 
and frames into the opposite side of the intermediate column. The location of this 
intermediate column alternates from the interior portion to the exterior portion of the bay 
length at each column line. The analysis considers a single burn vehicle (Vehicle C5) on 
the first floor, lower-tier parking deck (Figure 3-23). The burn vehicle in this model is 
located adjacent the long-span girder, labeled BEAM F in Figure 3-1. The fire history 
previously provided in Figure 3-24 is ignited at t = 0sec. 
 
Thermal slice images created by Smokeview are shown in Figure 5-19, Figure 5-20, and 
Figure 5-22. The images of Figure 5-19 display the temperature distribution throughout 
the model 0.125m below the underside of the second floor slab (See Figure 5-18). The 
images of Figure 5-20 display the temperature distribution across the width of the model 
through the center of the burn vehicle (See Figure 5-17). The images of Figure 5-22 
display the temperature distribution along the length of the model through the center of 
the burn vehicle (See Figure 5-17). Images were calculated for the entire duration of the 
analysis, but are provided for times t1 through t6 as previously shown in Figure 3-24 and 
discussed in Section 3.2.2. 
 
The slice images of Figure 5-19 show the spread of heat throughout the garage in both 
longitudinal and transverse directions. The images were taken in the x-y plane within the 
depth of the steel girders. Therefore, they show the tendency of the steel framing system 
to obstruct the flow of heat. The heat is observed to collect between girders and flow 
primarily in the longitudinal (y) direction, as confined by the geometry of the framing 
system. Since there are no framing obstructions at the central column line, the heat is 
allowed to flow freely across the center of the garage and to higher floors. In locations 
where heat is allowed to build up sufficiently, it is observed to flow beneath the steel 
framing to adjacent bays in the transverse (x) direction. Since the girder spanning the 
shorter distance to the intermediate column (BEAM E) is shallower than that spanning 
the longer distance (BEAM F), transverse heat flow is noted more prevalent there. This is 
best seen in bays adjacent to Bay B2-B3 where the burn vehicle is located.  
 
The slice images of Figure 5-20 show the transverse (x-direction) transmission of heat at 
the location of the vehicle fire. The images were taken in the x-z plane. The girders run 
parallel to the y-axis, and therefore obstruct lateral heat flow in the x-direction. The 
majority of the heat that spills from Bay B2-B3 to Bay B3-B4 is a result of direct heat 
flow from the burn vehicle due to its proximity to Girder B3. The heat that spills from 
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Bay B2-B3 to Bay B1-B2, however, is a result of heat collecting and flowing beneath the 
shallow girder, as previously noted. The thermal vector-slice image in Figure 5-21 clearly 
shows the tendency of the heat to flow across the underside of the slab above, down the 
side of the girder, and into the adjacent bay. Additionally, significantly less heat is 
observed at the second floor, directly above the vehicle fire. 
 
The slice images of Figure 5-22 show the longitudinal (y-direction) transmission of heat 
at the location of the vehicle fire. The images were taken in the y-z plane where no 
framing obstructions exist to obstruct the flow of heat. Much of the heat is observed to 
flow along the length of the first floor, lower tier. At the exterior edge of the structure, the 
heat encounters a transverse beam and a precast concrete panel attached at the façade. 
Some heat is observed to collect and flow beneath these obstructions, at which point it 
exits the garage. As the heat ascends, some is noted to return into the garage at the second 
level, but most escapes from the structure and exits the model boundaries. This behavior 
is similar to that noted in the PT_LS thermal vector-slice image provided in Figure 5-7. 
The heat is more likely to flow transversely below the shallow, short-span girder than 
below the exterior façade panel, as seen in Figure 5-19. Additional longitudinal heat flow 
occurs across the central column line. This direction of heat flow also provides insight to 
vertical transmission of heat from one floor to the next by way of the offset at the central 
column line. A similar pattern of heat flow to that shown in the PT_ LS vector-slice 
image in Figure 5-8 is noted. 
 
Temperature time-histories recorded by select thermocouples throughout the structure are 
plotted in Figure 5-23 to Figure 5-27. The plots display gas temperatures for the duration 
of the analysis (5400sec). Figure 5-23 shows vertical temperature plots. Figure 5-24 and 
Figure 5-25 show longitudinal temperature plots, and Figure 5-26 and Figure 5-27 show 
transverse temperature plots. All thermocouples were located at a distance of 0.125m 
below the underside of the slab above for a given garage floor and tier. 
 
Figure 5-23 is a graph of the temperature time-histories recorded at four thermocouples 
located directly above Vehicles B5 and C5 at the lower and upper tiers of the first and 
second floors. The plots show that heat from the burn vehicle at the first floor, lower tier, 
reaches the subsequent floors by transmission across the central column line. Gas 
temperature decreases as it travels upwards through the structure. The maximum 
temperature recorded directly above the burn vehicle was approximately 871˚C, while 
that recorded above Vehicle B5 on the second floor, upper tier, was approximately 58˚C. 
 
Figure 5-24 and Figure 5-25 are plots of the temperature time-histories recorded at three 
thermocouples to each side of the central column line. Thermocouples are aligned with 
the center of the burn vehicle in the longitudinal (y) direction. The plots show that gas 
temperature decreases as distance from the burn vehicle increases for a given tier. 
Additionally, a comparison between each plot validates the observation made from 
Figure 5-23 (i.e., temperature decreases within the structure as the vertical distance from 
the burn vehicle increases). 
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Figure 5-26 and Figure 5-27 are plots of the temperature time-histories recorded at three 
thermocouples to each side of the central column line. Conversely to Figure 5-24 and 
Figure 5-25, thermocouples considered are aligned in the transverse (x) direction. The 
plots show that some heat from the vehicle fire flows beneath the steel framing members 
to the adjacent cavity, but the majority of the heat is contained within the cavity directly 
above the burn vehicle. Additionally, a comparison between each plot validates the 
observation made from Figure 5-23. 
 
The boundary images of Figure 5-29 and Figure 5-30 provide a graphical representation 
of the heat flux at each surface in Mesh 2, which is the interior portion of the first floor, 
lower tier, as shown in Figure 5-28 and Figure 4-5(a). The vantage points from which 
Figure 5-29 and Figure 5-30 are viewed and the heat flux scale defining the gradient for 
the heat flux distribution are also provided in Figure 5-28. Each of the boundary images 
provided were taken at time = t1 (i.e., the first peak in the vehicle heat release record).  
 
Similar to that observed in the thermal slice images depicting the temperature distribution 
throughout the structure, it is clear that the framing geometry also affects the heat flux 
distribution throughout the structure. Shallower girders provide increased area for heat 
radiation, as seen at the short interior span at column line B2. Additionally, those surfaces 
in closest proximity to the fire source and with a direct path of heat radiation exhibit the 
greatest heat fluxes. Looking at either Figure 5-29 or Figure 5-30, Bay B2-B3 
experiences greater positive heat fluxes than any of the adjacent bays. The same is true of 
the webs of steel framing members closest to the burn vehicle. However, a comparison of 
Figure 5-29 and Figure 5-30 shows that the sides of the webs of steel framing members 
that are facing the burn vehicle experience greater input heat fluxes than those that face 
away from the burn vehicle. This is attributed to the presence of a direct path for heat to 
radiate from the fire to the surface in question. 
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Figure 5-17: PT_SS model (plan view). Location of thermal slice images at x = 12.125m and y = 15.5m. 
 
 
 
Figure 5-18: PT_SS model (side elevation view). Location of thermal slice images at z = 2.75m (lower 
tier) and z = 4.25m (upper tier). 
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Figure 5-19: PT_SS thermal slice images showing temperature distribution in x-y plane at z = 2.75m (left) 
and z = 4.25m (right). Temperature scale in degrees Celsius. 
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Figure 5-20: PT_SS thermal slice images showing temperature distribution in x-z plane at y = 15.5m. 
Temperature scale in degrees Celsius. 
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Figure 5-21: PT_SS thermal vector-slice image showing temperature distribution and direction of heat 
flow adjacent burn vehicle on the first floor, lower tier. Slice taken in x-z plane at y = 15.5m, time = t2 (See 
Figure 5-20 for temperature scale). 
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Figure 5-22: PT_SS thermal slice images showing temperature distribution in y-z plane at x = 12.125m. 
Temperature scale in degrees Celsius. 
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Figure 5-23: PT_SS temperature time-histories above Vehicles B5 and C5 at first and second floors at x = 
12.125m; y = 15.5m, 21.5m; z = 2.75m, 4.25m, 5.75m, 7.25m. 
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Figure 5-24: PT_SS temperature time-histories in line with burn Vehicle C5 at first floor lower tier, at x = 
12.125m; y = 0.125m, 9.25m, 15.5m; z = 2.75m. 
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Figure 5-25: PT_SS temperature time-histories in line with burn Vehicle C5 at first floor upper tier, at x = 
12.125m; y = 21.5m, 27.75m, 36.875m; z = 4.25m. 
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Figure 5-26: PT_SS temperature time-histories above Vehicle C4, burn Vehicle C5, and Vehicle C6 at first 
floor lower tier, at x = 9.625m, 12.125m, 14.875m; y = 15.5m; z = 2.75m. 
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Figure 5-27: PT_SS temperature time-histories above Vehicles B4, B5, and B6 at first floor upper tier, at x 
= 9.625m, 12.125m, 14.875m; y = 21.5m; z = 4.25m. 
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Figure 5-28: Boundary image key. Heat flux scale in kW/m2. 
 
 
 
Figure 5-29: PT_SS Mesh 2 boundary image, View 1, showing heat flux distribution at time = t1. 
 
 
 
Figure 5-30: PT_SS Mesh 2 boundary image, View 2, showing heat flux distribution at time = t1. 
 
View 1: See Figure 5-29 View 2: See Figure 5-30 
Mesh 2: See Figure 4-5 
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5.2.3. RC1_LS 
Figure 5-31 and Figure 5-32 show the geometry of the RC1_LS model. The model 
considers the staggered elevation scheme shown in Figure 4-5 (a). The framing system 
modeled is the long-span construction option of the Cast-in-Place Concrete Using Metal 
Deck slab system, Configuration 1, from the AISC Design Guide 18 (Churches, 2003), as 
previously discussed in Section 3.1.1. Configuration 1 consists of primary girders at 
column lines, and secondary transverse beams spaced evenly along the length of the bay. 
Girders are spaced evenly at 7.875m and span the full bay length of 18.5m, typical of 
long-span construction. The analysis considers a single burn vehicle (Vehicle C5) on the 
first floor, lower-tier parking deck (Figure 3-23). The fire history previously provided in 
Figure 3-24 is ignited at t = 0sec. 
 
Thermal slice images created by Smokeview are shown in Figure 5-33, Figure 5-34, and 
Figure 5-35. The images of Figure 5-33 display the temperature distribution throughout 
the model 0.125m below the underside of the second floor slab (See Figure 5-32). The 
images of Figure 5-34 display the temperature distribution across the width of the model 
through the center of the burn vehicle (See Figure 5-31). The images of Figure 5-22 
display the temperature distribution along the length of the model through the center of 
the burn vehicle (See Figure 5-31). Images were calculated for the entire duration of the 
analysis, but are provided for times t1 through t6 as previously shown in Figure 3-24 and 
discussed in Section 3.2.2. 
 
The slice images of Figure 5-33 show the spread of heat throughout the garage in both 
longitudinal and transverse directions. The images were taken in the x-y plane within the 
depth of the steel girders. Therefore, they show the tendency of the steel framing system 
to obstruct the flow of heat. The heat is observed to collect between girders and flow 
primarily in the longitudinal (y) direction, as confined by the geometry of the framing 
system. In locations where heat is allowed to build up sufficiently, it is observed to flow 
beneath the steel framing to adjacent bays in the transverse (x) direction. However, this 
behavior is noted primarily at peaks in the fire history. The depth of the primary girders 
(BEAM E) is 0.875m as opposed to the 0.25m depth of the transverse beams (BEAM B). 
Therefore, the combustion gases are much more likely to flow in the longitudinal 
direction below the transverse beams. This is noted most significantly in the first floor, 
lower-tier parking deck, as seen to the left side of the central column line in Figure 5-33. 
Since there are no framing obstructions at the central column line, heat is allowed to flow 
freely across the center of the garage to higher floors. As the heat traverses the central 
column line, it is allowed to spread transversely into adjacent bays, as well. The gas 
temperatures in bays adjacent Bay B1-B2 (See Figure 5-31) are hotter in the first floor, 
upper tier than the lower tier due to this transverse heat spread at the central column line.  
 
The slice images of Figure 5-34 show the transverse (x-direction) transmission of heat at 
the location of the vehicle fire. The images were taken in the x-z plane. The girders run 
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parallel to the y-axis, and therefore obstruct lateral heat flow in the x-direction. The 
majority of the heat that spills from Bay B1-B2 to Bay B2-B3 is a result of direct heat 
flow from the burn vehicle due to its proximity to Girder B2. As noted in the images of 
Figure 5-33, transverse heat flow is restricted due to the greater depth of the primary 
girders in comparison to the transverse beams. 
 
The slice images of Figure 5-35 show the longitudinal (y-direction) transmission of heat 
at the location of the vehicle fire. The images were taken in the y-z plane. Much of the 
heat is observed to flow along the length of the first floor, lower tier. At the exterior edge 
of the structure, the heat encounters a transverse beam and a precast concrete panel 
attached at the façade. Some heat is observed to collect and flow beneath these 
obstructions, at which point it exits the garage. As the heat ascends, some is noted to 
return into the garage at the second level, but most escapes from the structure and exits 
the model boundaries. This behavior is similar to that noted in the PT_LS thermal vector-
slice image provided in Figure 5-7. Additional longitudinal heat flow occurs across the 
central column line from the burn vehicle. This direction of heat flow also provides 
insight to vertical transmission of heat from one floor to the next by way of the offset at 
the central column line. A similar pattern of heat flow to that shown in the PT_ LS 
vector-slice image in Figure 5-8 is noted. 
 
Temperature time-histories recorded by select thermocouples throughout the structure are 
plotted in Figure 5-36 to Figure 5-40. The plots display gas temperatures for the duration 
of the analysis (5400sec). Figure 5-36 shows vertical temperature plots. Figure 5-37 and 
Figure 5-38 show longitudinal temperature plots, and Figure 5-39 and Figure 5-40 show 
transverse temperature plots. All thermocouples were located at a distance of 0.125m 
below the underside of the slab above for a given garage floor and tier. 
 
Figure 5-36 is a graph of the temperature time-histories recorded at four thermocouples 
located directly above Vehicles B5 and C5 at the lower and upper tiers of the first and 
second floors. The plots show that heat from the burn vehicle at the first floor, lower tier, 
reaches the subsequent floors by transmission across the central column line. Gas 
temperature decreases as it travels upwards through the structure. The maximum 
temperature recorded directly above the burn vehicle was approximately 789˚C, while 
that recorded above Vehicle B5 on the second floor, upper tier, was approximately 57˚C. 
 
Figure 5-37 and Figure 5-38 are plots of the temperature time-histories recorded at three 
thermocouples to each side of the central column line. Thermocouples are aligned with 
the center of the burn vehicle in the longitudinal (y) direction. The plots show that gas 
temperature decreases as distance from the burn vehicle increases for a given tier. 
Additionally, a comparison between each plot validates the observation made from 
Figure 5-36 (i.e., temperature decreases within the structure as the vertical distance from 
the burn vehicle increases). 
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Figure 5-39 and Figure 5-40 are plots of the temperature time-histories recorded at three 
thermocouples to each side of the central column line. Conversely to Figure 5-37 and 
Figure 5-38, thermocouples considered are aligned in the transverse (x) direction. The 
plots show that some heat from the vehicle fire flows beneath the steel framing members 
to the adjacent cavity, but the majority of the heat is contained within the cavity directly 
above the burn vehicle. Additionally, a comparison between each plot validates the 
observation made from Figure 5-36. 
 
The boundary images of Figure 5-42 and Figure 5-43 provide a graphical representation 
of the heat flux at each surface in Mesh 2, which is the interior portion of the first floor, 
lower tier, as shown in Figure 5-41 and Figure 4-5(a). The vantage points from which 
Figure 5-42 and Figure 5-43 are viewed and the heat flux scale defining the gradient for 
the heat flux distribution are also provided in Figure 5-41. Each of the boundary images 
provided were taken at time = t1 (i.e., the first peak in the vehicle heat release record).  
 
Similar to that observed in the thermal slice images depicting the temperature distribution 
throughout the structure, it is clear that the framing geometry also affects the heat flux 
distribution throughout the structure. Shallower girders provide increased area for heat 
radiation, as seen at the transverse beams. Additionally, those surfaces in closest 
proximity to the fire source and with a direct path of heat radiation exhibit the greatest 
heat fluxes. Looking at either Figure 5-42 or Figure 5-43, Bay B1-B2 experiences greater 
positive heat fluxes than any of the adjacent bays. The same is true of the webs of steel 
framing members closest to the burn vehicle. However, a comparison of Figure 5-42 and 
Figure 5-43 shows that the sides of the webs of steel framing members that are facing the 
burn vehicle experience greater input heat fluxes than those that face away from the burn 
vehicle. This is attributed to the presence of a direct path for heat to radiate from the fire 
to the surface in question. 
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Figure 5-31: RC1_LS model (plan view). Location of thermal slice images at x = 12.125m and y = 15.5m. 
 
 
 
Figure 5-32: RC1_LS model (side elevation view). Location of thermal slice images at z = 2.75m (lower 
tier) and z = 4.25m (upper tier). 
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Figure 5-33: RC1_LS thermal slice images showing temperature distribution in x-y plane at z = 2.75m 
(left) and z = 4.25m (right). Temperature scale in degrees Celsius. 
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Figure 5-34: RC1_LS thermal slice images showing temperature distribution in x-z plane at y = 15.5m. 
Temperature scale in degrees Celsius. 
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Figure 5-35: RC1_LS thermal slice images showing temperature distribution in y-z plane at x = 12.125m. 
Temperature scale in degrees Celsius. 
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Figure 5-36: RC1_LS temperature time-histories above Vehicles B5 and C5 at first and second floors at x 
= 12.125m; y = 15.5m, 21.5m; z = 2.75m, 4.25m, 5.75m, 7.25m. 
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Figure 5-37: RC1_LS temperature time-histories in line with burn Vehicle C5 at first floor lower tier, at x 
= 12.125m, 15.5m; y = 0.125m, 9.25m, 15.5m; z = 2.75m. 
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Figure 5-38: RC1_LS temperature time-histories in line with burn Vehicle C5 at first floor upper tier, at x 
= 12.125m; y = 21.5m, 27.75m, 36.875m; z = 4.25m. 
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Figure 5-39: RC1_LS temperature time-histories above Vehicle C4, burn Vehicle C5, and Vehicle C6 at 
first floor lower tier, at x = 9.5m, 12.125m, 14.875m; y = 15.5m; z = 2.75m. 
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Figure 5-40: RC1_LS temperature time-histories above Vehicles B4, B5, and B6 at first floor upper tier, at 
x = 9.5m, 12.125m, 14.875m; y = 21.5m; z = 4.25m. 
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Figure 5-41: Boundary image key. Heat flux scale in kW/m2. 
 
 
 
Figure 5-42: RC1_LS Mesh 2 boundary image, View 1, showing heat flux distribution at time = t1. 
 
 
 
Figure 5-43: RC1_LS Mesh 2 boundary image, View 2, showing heat flux distribution at time = t1. 
 
View 1: See Figure 5-42 View 2: See Figure 5-43 
Mesh 2: See Figure 4-5 
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5.2.4. RC1_SS 
Figure 5-44 and Figure 5-45 show the geometry of the RC1_SS model. The model 
considers the staggered elevation scheme shown in Figure 4-5 (a). The framing system 
modeled is the short-span construction option of the Cast-in-Place Concrete Using Metal 
Deck slab system, Configuration 1, from the AISC Design Guide 18 (Churches, 2003), as 
previously discussed in Section 3.1.1. Configuration 1 consists of primary girders at 
column lines, and secondary transverse beams spaced evenly along the length of the bay. 
Girders are spaced evenly at 7.875m. Two girders are used to span the bay length of 
18.5m. A smaller girder (BEAM F) spans 5.5m and is framed into an intermediate 
column. A larger girder (BEAM G) spans the remainder of the bay length and frames into 
the opposite side of the intermediate column. The location of this intermediate column 
alternates from the interior portion to the exterior portion of the bay length at each 
column line. The analysis considers a single burn vehicle (Vehicle C5) on the first floor, 
lower-tier parking deck (Figure 3-23). The burn vehicle model is located adjacent the 
long-span girder, labeled BEAM G in Figure 3-2. The fire history previously provided in 
Figure 3-24 is ignited at t = 0sec. 
 
Thermal slice images created by Smokeview are shown in Figure 5-46, Figure 5-47, and 
Figure 5-48. The images of Figure 5-46 display the temperature distribution throughout 
the model 0.125m below the underside of the second floor slab (See Figure 5-45). The 
images of Figure 5-47 display the temperature distribution across the width of the model 
through the center of the burn vehicle (See Figure 5-44). The images of Figure 5-48 
display the temperature distribution along the length of the model through the center of 
the burn vehicle (See Figure 5-44). Images were calculated for the entire duration of the 
analysis, but are provided for times t1 through t6 as previously shown in Figure 3-24 and 
discussed in Section 3.2.2. 
 
The slice images of Figure 5-46 show the spread of heat throughout the garage in both 
longitudinal and transverse directions. The images were taken in the x-y plane within the 
depth of the steel girders. Therefore, they show the tendency of the steel framing system 
to obstruct the flow of heat. The heat is observed to collect between girders and flow 
primarily in the longitudinal (y) direction, as confined by the geometry of the framing 
system. In locations where heat is allowed to build up sufficiently, it is observed to flow 
beneath the steel framing to adjacent bays in the transverse (x) direction. Since the girder 
spanning the shorter distance to the intermediate column (BEAM E) is shallower than 
that spanning the longer distance (BEAM F), transverse heat flow is noted more prevalent 
there. This is best seen in bays adjacent to Bay B2-B3 where the burn vehicle is located. 
Since there are no framing obstructions at the central column line, heat is allowed to flow 
freely across the center of the garage to higher floors. As the heat traverses the central 
column line, it is allowed to spread transversely into adjacent bays, as well.  
 
The slice images of Figure 5-47 show the transverse (x-direction) transmission of heat at 
the location of the vehicle fire. The images were taken in the x-z plane. The girders run 
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parallel to the y-axis, and therefore obstruct lateral heat flow in the x-direction. The 
majority of the heat that spills from Bay B1-B2 to Bay B2-B3 is a result of direct heat 
flow from the burn vehicle due to its proximity to Girder B2. The heat that spills from 
Bay B1-B2 to adjacent bay in the –x direction, however, is a result of heat collecting and 
flowing beneath the shallow girder, as previously noted. This behavior is similar to that 
described in the PT_SS thermal vector-slice image in Figure 5-21, which clearly shows 
the tendency of the heat to flow across the underside of the slab above, down the side of 
the girder, and into the adjacent bay. Additionally, significantly less heat is observed at 
the second floor, directly above the vehicle fire. 
 
The slice images of Figure 5-48 show the longitudinal (y-direction) transmission of heat 
at the location of the vehicle fire. The images were taken in the y-z plane. Much of the 
heat is observed to flow along the length of the first floor, lower tier. At the exterior edge 
of the structure, the heat encounters a transverse beam and a precast concrete panel 
attached at the façade. Some heat is observed to collect and flow beneath these 
obstructions, at which point it exits the garage. As the heat ascends, some is noted to 
return into the garage at the second level, but most escapes from the structure and exits 
the model boundaries. This behavior is similar to that noted in the PT_LS thermal vector-
slice image provided in Figure 5-7. The heat is more likely to flow transversely below the 
shallow, short-span girder than below the exterior façade panel, as seen in Figure 5-46. 
Additional longitudinal heat flow occurs across the central column line. This direction of 
heat flow also provides insight to vertical transmission of heat from one floor to the next 
by way of the offset at the central column line. A similar pattern of heat flow to that 
shown in the PT_ LS vector-slice image in Figure 5-8 is noted. 
 
Temperature time-histories recorded by select thermocouples throughout the structure are 
plotted in Figure 5-49 to Figure 5-53. The plots display gas temperatures for the duration 
of the analysis (5400sec). Figure 5-49 shows vertical temperature plots. Figure 5-50 and 
Figure 5-51 show longitudinal temperature plots, and Figure 5-52 and Figure 5-53 show 
transverse temperature plots. All thermocouples were located at a distance of 0.125m 
below the underside of the slab above for a given garage floor and tier. 
 
Figure 5-49 is a graph of the temperature time-histories recorded at four thermocouples 
located directly above Vehicles B5 and C5 at the lower and upper tiers of the first and 
second floors. The plots show that heat from the burn vehicle at the first floor, lower tier, 
reaches the subsequent floors by transmission across the central column line. Gas 
temperature decreases as it travels upwards through the structure. The maximum 
temperature recorded directly above the burn vehicle was approximately 784˚C, while 
that recorded above Vehicle B5 on the second floor, upper tier, was approximately 52˚C. 
 
Figure 5-50 and Figure 5-51 are plots of the temperature time-histories recorded at three 
thermocouples to each side of the central column line. Thermocouples are aligned with 
the center of the burn vehicle in the longitudinal (y) direction. The plots show that gas 
temperature decreases as distance from the burn vehicle increases for a given tier. 
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Additionally, a comparison between each plot validates the observation made from 
Figure 5-49 (i.e., temperature decreases within the structure as the vertical distance from 
the burn vehicle increases). 
 
Figure 5-52 and Figure 5-53 are plots of the temperature time-histories recorded at three 
thermocouples to each side of the central column line. Conversely to Figure 5-50 and 
Figure 5-51, thermocouples considered are aligned in the transverse (x) direction. The 
plots show that some heat from the vehicle fire flows beneath the steel framing members 
to the adjacent cavity, but the majority of the heat is contained within the cavity directly 
above the burn vehicle. Additionally, a comparison between each plot validates the 
observation made from Figure 5-49. 
 
The boundary images of Figure 5-55 and Figure 5-56 provide a graphical representation 
of the heat flux at each surface in Mesh 2, which is the interior portion of the first floor, 
lower tier, as shown in Figure 5-54 and Figure 4-5(a). The vantage points from which 
Figure 5-55 and Figure 5-56 are viewed and the heat flux scale defining the gradient for 
the heat flux distribution are also provided in Figure 5-54. Each of the boundary images 
provided were taken at time = t1 (i.e., the first peak in the vehicle heat release record).  
 
Similar to that observed in the thermal slice images depicting the temperature distribution 
throughout the structure, it is clear that the framing geometry also affects the heat flux 
distribution throughout the structure. Shallower girders provide increased area for heat 
radiation, as seen at the short interior span at column line B1. Additionally, those surfaces 
in closest proximity to the fire source and with a direct path of heat radiation exhibit the 
greatest heat fluxes. Looking at either Figure 5-55 or Figure 5-56, Bay B1-B2 
experiences greater positive heat fluxes than any of the adjacent bays. The same is true of 
the webs of steel framing members closest to the burn vehicle. However, a comparison of 
Figure 5-55 and Figure 5-56 shows that the sides of the webs of steel framing members 
that are facing the burn vehicle experience greater input heat fluxes than those that face 
away from the burn vehicle. This is attributed to the presence of a direct path for heat to 
radiate from the fire to the surface in question. 
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Figure 5-44: RC1_SS model (plan view). Location of thermal slice images at x = 12.125m and y = 15.5m. 
 
 
 
Figure 5-45: RC1_SS model (side elevation view). Location of thermal slice images at z = 2.75m (lower 
tier) and z = 4.25m (upper tier). 
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Figure 5-46: RC1_SS thermal slice images showing temperature distribution in x-y plane at z = 2.75m 
(left) and z = 4.25m (right). Temperature scale in degrees Celsius. 
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Figure 5-47: RC1_SS thermal slice images showing temperature distribution in x-z plane at y = 15.5m. 
Temperature scale in degrees Celsius. 
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Figure 5-48: RC1_SS thermal slice images showing temperature distribution in y-z plane at x = 12.125m. 
Temperature scale in degrees Celsius. 
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Figure 5-49: RC1_SS temperature time-histories above Vehicles B5 and C5 at first and second floors at x 
= 12.125m; y = 15.5m, 21.5m; z = 2.75m, 4.25m, 5.75m, 7.25m. 
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Figure 5-50: RC1_SS temperature time-histories in line with burn Vehicle C5 at first floor lower tier, at x 
= 12.125m; y = 0.125m, 9.25m, 15.5m; z = 2.75m. 
 
0
100
200
300
400
500
600
700
800
900
1000
0 900 1800 2700 3600 4500 5400
Time (sec)
Te
m
pe
ra
tu
re
 (°
C
)
12.125x21.5y4.25z
12.125x27.75y4.25z
12.125x36.875y4.25z
 
Figure 5-51: RC1_SS temperature time-histories in line with burn Vehicle C5 at first floor upper tier, at x 
= 12.125m; y = 21.5m, 27.75m, 36.875m; z = 4.25m. 
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Figure 5-52: RC1_SS temperature time-histories above Vehicle C4, burn Vehicle C5, and Vehicle C6 at 
first floor lower tier, at x = 9.625m, 12.125m, 14.875m; y = 15.5m; z = 2.75m. 
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Figure 5-53: RC1_SS temperature time-histories above Vehicles B4, B5, and B6 at first floor upper tier, at 
x = 9.625m, 12.125m, 14.875m; y = 21.5m; z = 4.25m. 
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Figure 5-54: Boundary image key. Heat flux scale in kW/m2. 
 
 
 
Figure 5-55: RC1_SS Mesh 2 boundary image, View 1, showing heat flux distribution at time = t1. 
 
 
 
Figure 5-56: RC1_SS Mesh 2 boundary image, View 2, showing heat flux distribution at time = t1. 
View 1: See Figure 5-55 View 2: See Figure 5-56 
Mesh 2: See Figure 4-5 
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5.2.5. RC2_LS 
Figure 5-57 and Figure 5-58 show the geometry of the RC2_LS model. The model 
considers the staggered elevation scheme shown in Figure 4-5 (a). The framing system 
modeled is the Cast-in-Place Concrete Using Metal Deck slab system, Configuration 2, 
from the AISC Design Guide 18 (Churches, 2003), as previously discussed in Section 
3.1.1. Configuration 2 is a long span framing system consisting of primary girders 
(BEAM B) at column lines and secondary girders (BEAM B) spanning into beams 
(BEAM D) at each end of the bay length. Girders are spaced evenly at 3m and span the 
full bay length of 18.5m, typical of long-span construction. Two secondary girders are 
placed between each primary girder, thereby resulting in a bay width of 9m. The analysis 
considers a single burn vehicle (Vehicle C5) on the first floor, lower-tier parking deck 
(Figure 3-23). The fire history previously provided in Figure 3-24 is ignited at t = 0sec. 
 
Thermal slice images created by Smokeview are shown in Figure 5-59, Figure 5-60, and 
Figure 5-62. The images of Figure 5-59 display the temperature distribution throughout 
the model 0.125m below the underside of the second floor slab (See Figure 5-58). The 
images of Figure 5-60 display the temperature distribution across the width of the model 
through the center of the burn vehicle (See Figure 5-57). The images of Figure 5-62 
display the temperature distribution along the length of the model through the center of 
the burn vehicle (See Figure 5-57). Images were calculated for the entire duration of the 
analysis, but are provided for times t1 through t6 as previously shown in Figure 3-24 and 
discussed in Section 3.2.2. 
 
The slice images of Figure 5-59 show the spread of heat throughout the garage in both 
longitudinal and transverse directions. The images were taken in the x-y plane within the 
depth of the steel girders. Therefore, they show the tendency of the steel framing system 
to obstruct the flow of heat. The heat is observed to collect between girders and flow 
primarily in the longitudinal (y) direction, as confined by the geometry of the framing 
system. In locations where heat is allowed to build up sufficiently, it is observed to flow 
beneath the steel framing to adjacent bays in the transverse (x) direction. Transverse heat 
flow seems to occur most prevalently at the ends of the bay length. Longitudinally 
flowing combustion gases encounter the beams at each end of the bay length (BEAM D) 
and are directed downward and reflected. The gases are thus more likely to flow beneath 
the main girders (BEAM B) and to adjacent bays upon being reflected off of the 
transverse beams. Little heat travel across the central column line is observed due to the 
presence of the beams at the end of each bay length. 
  
The slice images of Figure 5-60 show the transverse (x-direction) transmission of heat at 
the location of the vehicle fire. The images were taken in the x-z plane. The girders run 
parallel to the y-axis, and therefore obstruct lateral heat flow in the x-direction. Due to 
the proximity of girders, the majority of the heat that spills from Bay B4-B5 to adjacent 
Bays B3-B4 and B5-B6 is a result of direct heat flow from the burn vehicle. The thermal 
vector-slice image provided in Figure 5-61 clearly shows this behavior. Referring back to 
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Figure 5-60, significantly less heat is observed to flow to the subsequent bays (i.e., Bay 
B2-B3 in the –x direction and Bay B6-B7 in the +x direction). 
 
The slice images of Figure 5-62 show the longitudinal (y-direction) transmission of heat 
at the location of the vehicle fire. The images were taken in the y-z plane where 
transverse beams at each end of the bay length obstruct longitudinal heat flow. Much of 
the heat is observed to flow along the length of the first floor, lower tier. At the exterior 
edge of the structure, the heat encounters a transverse beam and a precast concrete panel 
attached at the façade. Some heat is observed to collect and flow beneath these 
obstructions, at which point it exits the garage. As the heat ascends, some is noted to 
return into the garage at the second level, but most escapes from the structure and exits 
the model boundaries. This behavior is similar to that noted in the PT_LS thermal vector-
slice image provided in Figure 5-7. Additional longitudinal heat flow occurs across the 
central column line from the burn vehicle. However, sufficient heat must build up before 
flowing beneath the transverse beam. This direction of heat flow also provides insight to 
vertical transmission of heat from one floor to the next by way of the offset at the central 
column line. The vector-slice image in Figure 5-63 shows the transmission of heat at the 
central column line. Heat build-up at the transverse beam adjacent the central column line 
is sufficient enough to allow the transmission of combustion gases across the central 
column line and to subsequent floors. 
 
Temperature time-histories recorded by select thermocouples throughout the structure are 
plotted in Figure 5-64 to Figure 5-68. The plots display gas temperatures for the duration 
of the analysis (5400sec). Figure 5-64 shows vertical temperature plots. Figure 5-65 and 
Figure 5-66 show longitudinal temperature plots, and Figure 5-67 and Figure 5-68 show 
transverse temperature plots. All thermocouples were located at a distance of 0.125m 
below the underside of the slab above for a given garage floor and tier. 
 
Figure 5-64 is a graph of the temperature time-histories recorded at four thermocouples 
located directly above Vehicles B5 and C5 at the lower and upper tiers of the first and 
second floors. The plots show that heat from the burn vehicle at the first floor, lower tier, 
reaches the subsequent floors by transmission across the central column line. Gas 
temperature decreases as it travels upwards through the structure. The maximum 
temperature recorded directly above the burn vehicle was approximately 931˚C, while 
that recorded above Vehicle B5 on the second floor, upper tier, was approximately 64˚C. 
 
Figure 5-65 and Figure 5-66 are plots of the temperature time-histories recorded at three 
thermocouples to each side of the central column line. Thermocouples are aligned with 
the center of the burn vehicle in the longitudinal (y) direction. The plots show that gas 
temperature decreases as distance from the burn vehicle increases for a given tier. 
Additionally, a comparison between each plot validates the observation made from 
Figure 5-64 (i.e., temperature decreases within the structure as the vertical distance from 
the burn vehicle increases). 
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Figure 5-67 and Figure 5-68 are plots of the temperature time-histories recorded at three 
thermocouples to each side of the central column line. Conversely to Figure 5-65 and 
Figure 5-66, thermocouples considered are aligned in the transverse (x) direction. The 
plots show that some heat from the vehicle fire flows beneath the steel framing members 
to the adjacent cavities, but the majority of the heat is contained within the cavity directly 
above the burn vehicle. The maximum temperature recorded directly above the burn 
vehicle was approximately 931˚C, while those recorded above Vehicles C4 and C6 in 
adjacent bays were 225°C and 184°C, respectively. Additionally, a comparison between 
each plot validates the observation made from Figure 5-64. 
 
The boundary images of Figure 5-70 and Figure 5-71 provide a graphical representation 
of the heat flux at each surface in Mesh 2, which is the interior portion of the first floor, 
lower tier, as shown in Figure 5-69 and Figure 4-5(a). The vantage points from which 
Figure 5-70 and Figure 5-71 are viewed and the heat flux scale defining the gradient for 
the heat flux distribution are also provided in Figure 5-69. Each of the boundary images 
provided were taken at time = t1 (i.e., the first peak in the vehicle heat release record).  
 
Similar to that observed in the thermal slice images depicting the temperature distribution 
throughout the structure, it is clear that the framing geometry also affects the heat flux 
distribution throughout the structure. Additionally, those surfaces in closest proximity to 
the fire source and with a direct path of heat radiation exhibit the greatest heat fluxes. 
Looking at either Figure 5-70 or Figure 5-71, Bay B4-B5 experiences greater positive 
heat fluxes than any of the adjacent bays. The same is true of the webs of steel framing 
members closest to the burn vehicle. However, a comparison of Figure 5-70 and Figure 
5-71 shows that the sides of the webs of steel framing members that are facing the burn 
vehicle experience greater input heat fluxes than those that face away from the burn 
vehicle. This is attributed to the presence of a direct path for heat to radiate from the fire 
to the surface in question. 
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Figure 5-57: RC2_LS model (plan view). Location of thermal slice images at x = 12.125m and y = 15.5m. 
 
 
 
 
Figure 5-58: RC2_LS model (side elevation view). Location of thermal slice images at z = 2.75m (lower 
tier) and z = 4.25m (upper tier). 
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Figure 5-59: RC2_LS thermal slice images showing temperature distribution in x-y plane at z = 2.75m 
(left) and z = 4.25m (right). Temperature scale in degrees Celsius. 
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Figure 5-60: RC2_LS thermal slice images showing temperature distribution in x-z plane at y = 15.5m. 
Temperature scale in degrees Celsius. 
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Figure 5-61: RC2_LS thermal vector-slice image showing temperature distribution and direction of heat 
flow at burn vehicle. Slice taken in x-z plane at y = 15.5m, time = t1 (See Figure 5-60 for temperature 
scale). 
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Figure 5-62: RC2_LS thermal slice images showing temperature distribution in y-z plane at x = 12.125m. 
Temperature scale in degrees Celsius. 
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Figure 5-63: RC2_LS thermal vector-slice image showing temperature distribution and direction of heat 
flow across the central column line. Slice taken in y-z plane at x = 12.125m, time = t1 (See Figure 5-62 for 
temperature scale). 
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Figure 5-64: RC2_LS temperature time-histories above Vehicles B5 and C5 at first and second floors at x 
= 12.125m; y = 15.5m, 21.5m; z = 2.75m, 4.25m, 5.75m, 7.25m. 
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Figure 5-65: RC2_LS temperature time-histories in line with burn Vehicle C5 at first floor lower tier, at x 
= 12.125m; y = 0.125m, 9.25m, 15.5m; z = 2.75m. 
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Figure 5-66: RC2_LS temperature time-histories in line with burn Vehicle C5 at first floor upper tier, at x 
= 12.125m; y = 21.5m, 27.75m, 36.875m; z = 4.25m. 
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Figure 5-67: RC2_LS temperature time-histories above Vehicle C4, burn Vehicle C5, and Vehicle C6 at 
first floor lower tier, at x = 9.375m, 12.125m, 14.875m; y = 15.5m; z = 2.75m. 
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Figure 5-68: RC2_LS temperature time-histories above Vehicles B4, B5, and B6 at first floor upper tier, at 
x = 9.375m, 12.125m, 14.875m; y = 21.5m; z = 4.25m. 
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Figure 5-69: Boundary image key. Heat flux scale in kW/m2. 
 
 
 
Figure 5-70: RC2_LS Mesh 2 boundary image, View 1, showing heat flux distribution at time = t1. 
 
 
 
Figure 5-71: RC2_LS Mesh 2 boundary image, View 2, showing heat flux distribution at time = t1. 
View 1: See Figure 5-70 View 2: See Figure 5-71 
Mesh 2: See Figure 4-5 
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5.2.6. PT_LS_level 
Figure 5-72 and Figure 5-73 show the geometry of the PT_LS_level model. The model 
considers the level elevation scheme shown in Figure 4-5 (b). The framing system 
modeled is the long-span construction option of the Cast-in-Place and Post-Tensioned 
Slab system from the AISC Design Guide 18 (Churches, 2003), as previously discussed 
in Section 3.1.1. Girders are spaced evenly at 5.5m and span the full bay length of 18.5m, 
typical of long-span construction. The analysis considers a single burn vehicle (Vehicle 
C5) on the first floor parking deck (Figure 3-23). The fire history previously provided in 
Figure 3-24 is ignited at t = 0sec. 
 
Thermal slice images created by Smokeview are shown in Figure 5-74, Figure 5-75, and 
Figure 5-77. The images of Figure 5-74 display the temperature distribution throughout 
the model 0.125m below the underside of the second floor slab (See Figure 5-73). The 
images of Figure 5-75 display the temperature distribution across the width of the model 
through the center of the burn vehicle (See Figure 5-72). The images of Figure 5-77 
display the temperature distribution along the length of the model through the center of 
the burn vehicle (See Figure 5-72). Images were calculated for the entire duration of the 
analysis, but are provided for times t1 through t6 as previously shown in Figure 3-24 and 
discussed in Section 3.2.2. Note that Figure 5-74 and Figure 5-77 do not show slice 
images for Mesh 1 (See Figure 4-5). These files were corrupt and unable to be displayed. 
However, sufficient visualization in adjacent meshes formed the basis for the following 
discussion. 
 
The slice images of Figure 5-74 show the spread of heat throughout the garage in both 
longitudinal and transverse directions. The images were taken in the x-y plane within the 
depth of the steel girders. Therefore, they show the tendency of the steel framing system 
to obstruct the flow of heat. The heat is observed to collect between girders and flow 
primarily in the longitudinal (y) direction, as confined by the geometry of the framing 
system. In locations where heat is allowed to build up sufficiently, it is observed to flow 
beneath the steel framing to adjacent bays in the transverse (x) direction. However, this 
behavior is noted primarily at peaks in the fire history. Since there are no framing 
obstructions at the central column line, heat is allowed to flow freely across the center of 
the garage. Without the offset in ramp elevation, heat appears to spread somewhat 
symmetrically in each longitudinal direction from the burn vehicle. 
 
The slice images of Figure 5-75 show the transverse (x-direction) transmission of heat at 
the location of the vehicle fire. The images were taken in the x-z plane. The girders run 
parallel to the y-axis, and therefore obstruct lateral heat flow in the x-direction. The 
majority of the heat that spills from Bay B2-B3 to Bay B3-B4 is a result of direct heat 
flow from the burn vehicle due to its proximity to Girder B3. The heat that spills from 
Bay B2-B3 to Bay B1-B2, however, is a result of heat collecting and flowing beneath the 
dividing girder. Figure 5-76 shows this behavior, which is similar to that shown in the 
PT_SS thermal vector-slice image in Figure 5-21. It clearly shows the tendency of the 
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heat to flow across the underside of the slab above, down the side of the girder, and into 
the adjacent bay. Additionally, significantly less heat is observed at the second floor, 
directly above the vehicle fire. 
The slice images of Figure 5-77 show the longitudinal (y-direction) transmission of heat 
at the location of the vehicle fire. The images were taken in the y-z plane where no 
framing obstructions exist to obstruct the flow of heat. Much of the heat is observed to 
flow along the length of the first floor, lower tier. At the exterior edge of the structure, the 
heat encounters a transverse beam and a precast concrete panel attached at the façade. 
Some heat is observed to collect and flow beneath these obstructions, at which point it 
exits the garage. As the heat ascends, some is noted to return into the garage at the second 
level, but most escapes from the structure and exits the model boundaries. This behavior 
is similar to that noted in the PT_LS thermal vector-slice image provided in Figure 5-7. 
Enough heat returns into the garage to increase the temperature from ambient, as seen in 
the vector-slice image shown in Figure 5-78. Heat is observed to flow towards the center 
of the garage from the exterior ends. The opposing flows meet near the central column 
line, above Vehicle C5, one floor above the burn vehicle. 
 
Temperature time-histories recorded by select thermocouples throughout the structure are 
plotted in Figure 5-79 to Figure 5-83. The plots display gas temperatures for the duration 
of the analysis (5400sec). Figure 5-79 shows vertical temperature plots. Figure 5-80 and 
Figure 5-81 show longitudinal temperature plots, and Figure 5-82 and Figure 5-83 show 
transverse temperature plots. All thermocouples were located at a distance of 0.125m 
below the underside of the slab above for a given garage floor. 
 
Figure 5-79 is a graph of the temperature time-histories recorded at four thermocouples 
located directly above Vehicles B5 and C5 at the first and second floors. The plots show 
that the gas temperature at the second floor is much less than that on the first floor. The 
only path for heat to flow to the second floor is at the exterior edges of the garage, as 
previously discussed (See Figure 5-7). The maximum temperature recorded directly 
above the burn vehicle was approximately 860˚C, while that recorded above Vehicle B5 
on the second floor was approximately 36˚C. 
 
Figure 5-80 and Figure 5-81 are plots of the temperature time-histories recorded at three 
thermocouples to each side of the central column line. Thermocouples are aligned with 
the center of the burn vehicle in the longitudinal (y) direction. The plots show that gas 
temperature decreases as distance from the burn vehicle increases to either side of the 
central column line. The maximum temperature recorded in thermocouple 
12.125x09.25y2.75z (Figure 5-80) was approximately 437˚C. This thermocouple was 
located a distance of 5.95m from the center of the burn vehicle. The maximum 
temperature recorded in thermocouple 12.125x21.5y2.75z (Figure 5-81) was 
approximately 424˚C. This thermocouple was located a distance of 6m from the center of 
the burn vehicle. Therefore, heat appears to flow uniformly in each longitudinal direction 
from the burn vehicle. 
 
  - 125 - 
Figure 5-82 and Figure 5-83 are plots of the temperature time-histories recorded at three 
thermocouples to each side of the central column line. Conversely to Figure 5-80 and 
Figure 5-81, thermocouples considered are aligned in the transverse (x) direction. The 
plots show that some heat from the vehicle fire flows beneath the steel framing members 
to the adjacent cavity, but the majority of the heat is contained within the cavity directly 
above the burn vehicle.  
 
The boundary images of Figure 5-85 and Figure 5-86 provide a graphical representation 
of the heat flux at each surface in Mesh 2, which is the interior portion of the first floor, 
as shown in Figure 5-84 and Figure 4-5(b). The vantage points from which Figure 5-85 
and Figure 5-86 are viewed and the heat flux scale defining the gradient for the heat flux 
distribution are also provided in Figure 5-84. Each of the boundary images provided were 
taken at time = t1 (i.e., the first peak in the vehicle heat release record).  
 
Similar to that observed in the thermal slice images depicting the temperature distribution 
throughout the structure, it is clear that the framing geometry also affects the heat flux 
distribution throughout the structure. Additionally, those surfaces in closest proximity to 
the fire source and with a direct path of heat radiation exhibit the greatest heat fluxes. 
Looking at either Figure 5-85 or Figure 5-86, Bay B2-B3 experiences greater positive 
heat fluxes than any of the adjacent bays. The same is true of the webs of steel framing 
members closest to the burn vehicle. However, a comparison of Figure 5-85 and Figure 
5-86 shows that the sides of the webs of steel framing members that are facing the burn 
vehicle experience greater input heat fluxes than those that face away from the burn 
vehicle. This is attributed to the presence of a direct path for heat to radiate from the fire 
to the surface in question. 
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Figure 5-72: PT_LS_level model (plan view). Location of thermal slice images at x = 12.125m and y = 
15.5m. 
 
 
 
Figure 5-73: PT_LS_level model (side elevation view). Location of thermal slice images at z = 2.75m. 
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Figure 5-74: PT_LS_level thermal slice images showing temperature distribution in x-y plane at z = 2.75m 
(Mesh 1 slice image unavailable). Temperature scale in degrees Celsius. 
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Figure 5-75: PT_LS_level thermal slice images showing temperature distribution in x-z plane at y = 
15.5m. Temperature scale in degrees Celsius. 
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Figure 5-76: PT_LS_level thermal vector-slice image showing temperature distribution and direction of 
heat flow adjacent burn vehicle on the first floor. Slice taken in x-z plane at y = 15.5m, time = t1 (See 
Figure 5-75 for temperature scale). 
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Figure 5-77: PT_LS_level thermal slice images showing temperature distribution in y-z plane at x = 
12.125m (Mesh 1 slice image unavailable). Temperature scale in degrees Celsius. 
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Figure 5-78: PT_LS_level thermal vector-slice image at second floor, Vehicle C5. Slice taken in y-z plane 
at x = 12.125m. Temperature scale in degrees Celsius. 
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Figure 5-79: PT_LS_level temperature time-histories above Vehicles B5 and C5 at first and second floors 
at x = 12.125m; y = 15.5m, 21.5m; z = 2.75m, 5.75m. 
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Figure 5-80: PT_LS_level temperature time-histories in line with burn Vehicle C5 at first floor, at x = 
12.125m; y = 0.125m, 9.25m, 15.5m; z = 2.75m. 
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Figure 5-81: PT_LS_level temperature time-histories in line with burn Vehicle C5 at first floor, at x = 
12.125m; y = 21.5m, 27.75m, 36.875m; z = 2.75m. 
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Figure 5-82: PT_LS_level temperature time-histories above Vehicle C4, burn Vehicle C5, and Vehicle C6 
at first floor, at x = 9.375m, 12.125m, 14.875m; y = 15.5m; z = 2.75m. 
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Figure 5-83: PT_LS_level temperature time-histories above Vehicles B4, B5, and B6 at first floor, at x = 
9.375m, 12.125m, 14.875m; y = 21.5m; z = 2.75m. 
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Figure 5-84: Boundary image key. Heat flux scale in kW/m2. 
 
 
 
Figure 5-85: PT_LS_level Mesh 2 boundary image, View 1, showing heat flux distribution at time = t1. 
 
 
 
Figure 5-86: PT_LS_level Mesh 2 boundary image, View 2, showing heat flux distribution at time = t1. 
 
View 1: See Figure 5-85 View 2: See Figure 5-86 
Mesh 2: See Figure 4-5 
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5.2.7. PT_LS_spread 
 
Figure 5-87 and Figure 5-88 show the geometry of the PT_LS_spread model. The model 
considers the staggered elevation scheme shown in Figure 4-5 (a). The framing system 
modeled is the long-span construction option of the Cast-in-Place and Post-Tensioned 
Slab system from the AISC Design Guide 18 (Churches, 2003), as previously discussed 
in Section 3.1.1. Girders are spaced evenly at 5.5m and span the full bay length of 18.5m, 
typical of long-span construction. The analysis considers five burn vehicles. As outlined 
in the analysis matrix in Table 3-3, the initial burn vehicle (Vehicle C5) is ignited at t = 
0sec. The fire then spreads to adjacent Vehicles C4 and C6 six minutes later at t = 
360sec, and spreads once more to Vehicles C3 and C7 at t = 720sec (See Figure 3-23 for 
vehicle positions). Figure 3-25 defines the burn sequence for the multiple-vehicle fire 
scenario. 
 
Thermal slice images created by Smokeview are shown in Figure 5-89, Figure 5-90, and 
Figure 5-92. The images of Figure 5-89 display the temperature distribution throughout 
the model 0.125m below the underside of the second floor slab (See Figure 5-88). The 
images of Figure 5-90 display the temperature distribution across the width of the model 
through the center of the burn vehicle (See Figure 5-87). The images of Figure 5-92 
display the temperature distribution along the length of the model through the center of 
the burn vehicle (See Figure 5-87). Images were calculated for the entire duration of the 
analysis, but are provided for times t1 through t6 as previously shown in Figure 3-24 and 
discussed in Section 3.2.2. Note that Figure 5-89 and Figure 5-92 do not show slice 
images for Mesh 1 (See Figure 4-5). These files were corrupt and unable to be displayed. 
However, sufficient visualization in adjacent meshes formed the basis for the following 
discussion. 
 
The slice images of Figure 5-89 show the spread of heat throughout the garage in both 
longitudinal and transverse directions. The images were taken in the x-y plane within the 
depth of the steel girders. Therefore, they show the tendency of the steel framing system 
to obstruct the flow of heat. The heat is observed to collect between girders and flow 
primarily in the longitudinal (y) direction, as confined by the geometry of the framing 
system. In locations where heat is allowed to build up sufficiently, it is observed to flow 
beneath the steel framing to adjacent bays in the transverse (x) direction. This spreading 
behavior is most readily observed in the bays in which the burn vehicles exist and near 
peaks in the fire history. Since there are no framing obstructions at the central column 
line, heat is allowed to flow freely across the center of the garage and to higher levels. As 
the heat traverses the central column line, it is allowed to spread transversely into 
adjacent bays as well due to the half story offset. The temperature distributions to the 
right of the central column line appear turbulent as a result of this spreading behavior 
(See Figure 5-89).  
 
The slice images of Figure 5-90 show the transverse (x-direction) transmission of heat 
through the centerlines of all vehicles in the burn sequence (i.e., Vehicles C3, C4, C5, C6, 
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and C7). The images were taken in the x-z plane. The girders run parallel to the y-axis, 
and therefore obstruct lateral heat flow in the x-direction. A significant amount of heat is 
observed to build up due to the five burn vehicles considered in the analysis. Heat 
transmission to adjacent bays is a function of two sources. First, heat flows directly to 
adjacent bays from burn vehicles in proximity to dividing girders. Second, heat also 
flows across the underside of the topping slab, down the face of the dividing girder, and 
beneath the girder to the adjacent bay. Figure 5-91 shows these behaviors. Additionally, 
significantly less heat is observed at the second floor. 
 
The slice images of Figure 5-92 show the longitudinal (y-direction) transmission of heat 
at the location of the initial burn Vehicle C5. The images were taken in the y-z plane 
where no framing obstructions exist to obstruct the flow of heat. Much of the heat is 
observed to flow along the length of the first floor, lower tier, similar to as in previous 
models. At the exterior edge of the structure, the heat encounters a transverse beam and a 
precast concrete panel attached at the façade. Some heat is observed to collect and flow 
beneath these obstructions, at which point it exits the garage. As the heat ascends, some is 
noted to return into the garage at the second level, but most escapes from the structure 
and exits the model boundaries. This behavior is similar to that noted in the PT_LS 
thermal vector-slice image provided in Figure 5-7. Additional longitudinal heat flow 
occurs across the central column line from the burn vehicles. This direction of heat flow 
also provides insight to vertical transmission of heat from one floor to the next by way of 
the offset at the central column line. A similar pattern of heat flow to that shown in the 
PT_LS vector-slice image in Figure 5-8 is noted. Similar behavior can also be observed 
in parallel slices at other vehicles involved in the burn sequence. 
 
Temperature time-histories recorded by select thermocouples throughout the structure are 
plotted in Figure 5-93 to Figure 5-97. The plots display gas temperatures for the duration 
of the analysis (5400sec). Figure 5-93 shows vertical temperature plots. Figure 5-94 and 
Figure 5-95 show longitudinal temperature plots, and Figure 5-96 and Figure 5-97 show 
transverse temperature plots. All thermocouples were located at a distance of 0.125m 
below the underside of the slab above for a given garage floor. 
 
Figure 5-93 is a graph of the temperature time-histories recorded at four thermocouples 
located directly above Vehicles B5 and C5 at the lower and upper tiers of the first and 
second floors. The plots show that heat from the burn vehicles at the first floor, lower 
tier, reaches the subsequent floors by transmission across the central column line. Gas 
temperature decreases as it travels upwards through the structure. The maximum 
temperature recorded directly above the initial burn Vehicle C5 was approximately 
909˚C, while that recorded above Vehicle B5 on the second floor was approximately 
73˚C. 
 
Figure 5-94 and Figure 5-95 are plots of the temperature time-histories recorded at three 
thermocouples to each side of the central column line. Thermocouples are aligned with 
the center of the initial burn Vehicle C5 in the longitudinal (y) direction. The plots show 
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that gas temperature decreases as distance from the burn vehicle increases for a given 
tier. Additionally, a comparison between each plot validates the observation made from 
Figure 5-93 (i.e., temperature decreases within the structure as the vertical distance from 
the burn vehicle increases). 
 
Figure 5-96 and Figure 5-97 are plots of the temperature time-histories recorded at three 
thermocouples to each side of the central column line. Conversely to Figure 5-94 and 
Figure 5-95, thermocouples considered are aligned in the transverse (x) direction. The 
thermocouples in Figure 5-94 are aligned with Vehicle Line C, through the center of the 
vehicles in the burn sequence at y = 15.5m. The thermocouples in Figure 5-97 are aligned 
with Vehicle Line B at the opposite side of the central column line at y = 21.5m. The 
plots show a short lag between temperature time-histories recorded at thermocouples in 
adjacent bays. This occurs because vehicle fires within the burn sequence are ignited at 
six minute (360sec) intervals. The plots suggest that the gas temperatures within a given 
bay are most affected by vehicle fires that occur within that bay. More specifically, the 
temperature time-history recorded at a thermocouple above a vehicle fire is most affected 
by the vehicle fire directly below it. Figure 5-96 shows that thermocouples 
09.375x15.5y2.75y and 12.125x15.5y2.75z, although each in Bay B2-B3, most readily 
follow the input heat release rate of the vehicle fire directly below. Additionally, a 
comparison between each plot validates the observation made from Figure 5-93. 
 
The boundary images of Figure 5-99 and Figure 5-100 provide a graphical representation 
of the heat flux at each surface in Mesh 2, which is the interior portion of the first floor, 
lower tier, as shown in Figure 5-98 and Figure 4-5(b). The vantage points from which 
Figure 5-99 and Figure 5-100 are viewed and the heat flux scale defining the gradient for 
the heat flux distribution are also provided in Figure 5-98. Each of the boundary images 
provided were taken at time = t4 to show the heat flux behavior when all vehicle fires in 
the burn sequence are burning.  
 
Similar to that observed in the thermal slice images depicting the temperature distribution 
throughout the structure, it is clear that the framing geometry also affects the heat flux 
distribution throughout the structure. Additionally, those surfaces in closest proximity to 
the fire source and with a direct path of heat radiation exhibit the greatest heat fluxes. The 
webs of steel framing members closest to burn Vehicles C3 and C7 exhibit the greatest 
heat fluxes because these vehicle fires are burning stronger than the others at time = t4. A 
comparison of Figure 5-99 and Figure 5-100 shows that the sides of the webs of steel 
framing members that are facing the burn vehicles experience greater input heat fluxes 
than those that face away from the burn vehicle. This is attributed to the presence of a 
direct path for heat to radiate from the fire to the surface in question. 
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Figure 5-87: PT_LS_spread model (plan view). Location of thermal slice images at x = 12.125m and y = 
15.5m. 
 
 
 
Figure 5-88: PT_LS_spread model (side elevation view). Location of thermal slice images at z = 2.75m 
(lower tier) and z = 4.25m (upper tier). 
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Figure 5-89: PT_LS_spread thermal slice images showing temperature distribution in x-y plane at z = 
2.75m (left) and z = 4.25m (right) (Mesh 1 slice image unavailable). Temperature scale in degrees Celsius. 
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Figure 5-90: PT_LS_spread thermal slice images showing temperature distribution in x-z plane at y = 
15.5m. Temperature scale in degrees Celsius. 
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Figure 5-91: PT_LS_spread thermal vector-slice image showing temperature distribution and direction of 
heat flow at Vehicles C4, C5, C6, and C7 (Column Line B3) on the first floor. Slice taken in x-z plane at y 
= 15.5m, time = t3 (See Figure 5-90 for temperature scale). 
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Figure 5-92: PT_LS_spread thermal slice images showing temperature distribution in y-z plane at x = 
12.125m (Mesh 1 slice image unavailable). Temperature scale in degrees Celsius. 
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Figure 5-93: PT_LS_spread temperature time-histories above Vehicles B5 and C5 at first and second 
floors at x = 12.125m; y = 15.5m, 21.5m; z = 2.75m, 4.25m, 5.75m, 7.25m. 
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Figure 5-94: PT_LS_spread temperature time-histories in line with burn Vehicle C5 at first floor lower 
tier, at x = 12.125m; y = 0.125m, 9.25m, 15.5m; z = 2.75m. 
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Figure 5-95: PT_LS_spread temperature time-histories in line with burn Vehicle C5 at first floor upper 
tier, at x = 12.125m; y = 21.5m, 27.75m, 36.875m; z = 4.25m. 
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Figure 5-96: PT_LS_spread temperature time-histories above Vehicle C4, burn Vehicle C5, and Vehicle 
C6 at first floor lower tier, at x = 9.375m, 12.125m, 14.875m; y = 15.5m; z = 2.75m. 
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Figure 5-97: PT_LS_spread temperature time-histories above Vehicles B4, B5, and B6 at first floor upper 
tier, at x = 9.375m, 12.125m, 14.875m; y = 21.5m; z = 4.25m. 
  - 146 - 
     
 
 
Figure 5-98: Boundary image key. Heat flux scale in kW/m2. 
 
 
 
Figure 5-99: PT_LS_spread Mesh 2 boundary image, View 1, showing heat flux distribution at time = t4. 
 
 
 
Figure 5-100: PT_LS_spread Mesh 2 boundary image, View 2, showing heat flux distribution at time = t4. 
 
 
View 1: See Figure 5-99 View 2: See Figure 5-100 
Mesh 2: See Figure 4-5 
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6. DISCUSSION OF FIRE ANALYSIS RESULTS 
 
This chapter discusses the results of the FDS analyses presented in Chapter 5 and 
discusses the effects of the three analysis variables presented in Section 3.3 on gas 
temperatures and heat transmission throughout a parking structure. Section 6.1 compares 
the results of the PT_LS, PT_SS, RC1_LS, RC1_SS, and RC2_LS analyses, and 
investigates the effects of the typical framing geometries modeled in each analysis. 
Section 6.2 compares the results of the PT_LS analysis with those of the PT_LS_level 
analysis. In doing so, this section studies the effects of floor elevation, specifically the 
heat transmission behavior associated with the staggered and level elevation schemes 
shown in Figure 4-5. Section 6.3 compares the results of the PT_LS analysis with those 
of the PT_LS_spread analysis. In doing so, this section compares the influence of single-
vehicle fires and multiple-vehicle fires on gas temperatures and heat transmission 
throughout the structure. 
 
Three types of data were considered when formulating comparisons between models for 
each design variable. Thermal slice images showing the gas temperature distribution 
throughout the structure at specific times, thermocouple data showing temperature time-
histories at specific locations, and heat flux time-histories at a framing section not 
directly adjacent the vehicle fire were each considered. 
 
6.1. Effects of Framing Geometry 
In order to determine the effects of framing geometry on gas temperatures and heat 
transmission throughout a parking structure, the results of the PT_LS, PT_SS, RC1_LS, 
RC1_SS, and RC2_LS models were compared. Figure 6-1 provides plans and elevations 
of each model for reference. 
 
Figure 6-2 provides a compilation of thermal slice images from Chapter 5 to allow 
comparisons to be made between the heat transmission behavior found in the PT_LS, 
PT_SS, RC1_LS, RC1_SS, and RC2_LS models. The images were taken in the x-y plane 
at z = 2.75m on the first floor, lower tier (left of central column line) and z = 4.25m on 
the first floor, upper tier (right of central column line). Slice images for times t1 and t3, as 
defined in Figure 3-24, are provided. These times correlate to the first and second peaks 
in the input heat release record. Note that two temperature scales are provided in Figure 
6-2. The first defines all models except RC2_LS, which is defined by the second 
temperature scale. 
 
The tendency of steel framing members to obstruct the flow of heat throughout the 
structure is clearly apparent. The hottest temperatures are found confined to the bay in 
which the vehicle fire is located for each model. Lateral heat transmission is found more 
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likely at the short-span girders in the “_SS” models because these girders are typically 
shallower. Therefore, less heat needs to accumulate before it can spill beneath the steel 
section to an adjacent bay. The secondary transverse beams in the “RC1_” models 
obstruct longitudinal heat flow. The extent of peak temperatures toward the exterior of 
the garage (i.e., in the –y direction from the burn vehicle) is less in these models than 
others because the transverse beams obstruct the flow of heat. In addition, the 
longitudinal heat flow in the opposite direction (i.e., across the central column line to the 
upper tier) is greater in the “RC1_” models, apparently due to the reflection of heat 
initially flowing in the –y direction. 
 
In order to compare the effects of framing geometry on gas temperatures throughout the 
parking structure, thermocouple temperature time-histories were considered at locations 
A, B, and C, as shown in Figure 6-3. 
 
Temperature time-histories at Thermocouple A show the effects of girder spacing on gas 
temperatures directly above the burn vehicle (See Figure 6-4). Of the framing plans 
considered, the RC2_LS model had the least girder spacing at 3m. The PT_LS and 
PT_SS models had a girder spacing of 5m. The greatest girder spacing of 7.875m was in 
the RC1_LS and RC1_SS models. The RC2_LS model exhibited proportionally greater 
temperatures than others. The peak gas temperatures recorded in each analysis were 
931°C, 869°C, 871°C, 789°C, and 784°C respectively. Figure 6-5 shows the inverse 
linearly proportional relationship of peak gas temperatures recorded directly above the 
burn vehicle to primary girder spacing. As girder spacing increases, peak gas temperature 
decreases in an approximately linear fashion. 
 
This may be attributed to a compartment-type behavior. Adjacent framing members and 
the concrete topping slab above create a pocket, or compartment, that obstructs the flow 
of heat. This heat can flow parallel to the framing obstructions as well as beneath the 
framing obstructions if sufficient amounts of heat accumulate. However, the heat is still 
compartmentalized to a certain degree. Thus, the same heat release rate in a smaller 
compartment (i.e., lesser girder spacing) results in greater gas temperatures.  
 
Similar behavior is noted when considering the temperature time-histories at 
Thermocouple B (See Figure 6-6). Thermocouple B is located at the exterior edge of the 
parking structure, directly in line with the center of the burn vehicle (i.e., x = 12.125m). 
As previously noted when considering the slice images of Figure 6-2, the secondary 
transverse beams in the RC1_LS and RC1_SS models obstruct the longitudinal flow of 
heat. Therefore, as the distance from the vehicle fire increases, the linearity of the 
relationship of peak gas temperature to girder spacing decreases for the “RC1_” models 
compared to the others. This trend is shown in Figure 6-7. 
 
Figure 6-8 considers temperature time-histories at Thermocouple C (See Figure 6-3), and 
thereby studies effects of framing obstructions on the transverse flow of heat. A 
significant variation is observed between the RC1_SS temperature time-history and those 
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of the other models. The peak gas temperature in the RC1_SS time-history is 154°C, 
while the next greatest peak temperature is 43°C, as observed in the RC2_LS model. The 
reason Thermocouple C exhibits a significantly greater temperature time-history in the 
RC1_SS model than in the other models is the lack of obstructions of lateral heat flow. A 
single shallow girder represents the only obstruction to heat flow between Thermocouple 
C and burn Vehicle C5. Each of the other models has either deeper framing sections or 
more girders to obstruct lateral heat flow between these two locations. Another look at 
the slice images of Figure 6-2 visually confirms these observations. 
 
Figure 6-9 through Figure 6-15 provides heat flux time-histories at Girder Section 1 (See 
Figure 6-3) of the primary girder adjacent the vehicle fire. These heat flux time-histories 
are developed from FDS analysis output, and the procedure for constructing them is 
treated more fully in Chapter 7. For now, it is important to understand that each plot 
considers the input heat flux to one of seven surfaces on the steel framing section. These 
surfaces are shown in Figure 7-4. 
 
Heat fluxes into each of the seven surfaces on the steel framing section are greatest in the 
RC2_LS model. This is likely due to the presence of the transverse beam adjacent the 
central column line. The beam restricts the flow of heat across the central column line 
and reflects it back to the adjacent girder. In addition, the transverse beam increases the 
potential for compartment-type effects in a given framing bay. Trapping the heat adjacent 
the framing member in question prolongs the exposure of heat impinging on the beam, 
and thus may increase heat fluxes. The difference between heat flux values noted in the 
RC2_LS model and other models is most prominent at Surfaces 6 and 7 (See Figure 6-11 
and Figure 6-13 respectively). These correlate to the top-side of the bottom flange and the 
underside of the top flange on the +x side of the section, respectively. Surfaces 4 and 5 
(See Figure 6-14 and Figure 6-15 respectively), which correspond to the –x and +x sides 
of the web, exhibit a trend that most closely resembles an inverse, linearly proportional 
relationship between girder spacing and peak heat flux. Figure 6-16 and Figure 6-17 plot 
these trends for Surfaces 4 and 5, respectively. As before, lesser girder spacing 
corresponds to greater gas temperatures within a framing cavity, and therefore greater 
heat fluxes into framing member surfaces. 
 
6.2. Effects of Floor Elevation 
In order to determine the effects of relative ramp elevation in a parking structure on gas 
temperatures and heat transmission throughout, the results of the PT_LS and 
PT_LS_level models were compared. Figure 6-18 provides side elevations of the PT_LS 
and PT_LS_level models for reference. 
 
Figure 6-19 provides a compilation of thermal slice images from Chapter 5 to allow 
comparisons to be made between the heat transmission behavior found in the PT_LS and 
PT_LS_level models. Since the only difference between the PT_LS and PT_LS_level 
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models is the presence of a 1.5m half-story ramp offset, slice images in the y-z plane 
were used to study the differences in longitudinal and vertical heat transmission within 
the bay that the vehicle fire exists. Specifically, heat transmission at the central column 
line is of note. The slice images provided show the temperature distribution through the 
center of the burn vehicle at x = 12.125m at time = t3 (See Figure 3-24). The half-story 
offset in the PT_LS model allows vertical heat transmission. Therefore, temperatures on 
the second floor are greater for the PT_LS model than the PT_LS_level model. The offset 
in ramp elevation also allows heat to dissipate laterally as it crosses the central column 
line and rises to the upper tier. The temperatures in the first floor, upper-tier of the PT_LS 
model are clearly lower than those to the right of the central column line in the 
PT_LS_level model. 
 
The temperature time-histories recorded at various thermocouples, shown in Figure 6-3, 
are used to validate the observations developed from thermal slice images. The time-
histories at Thermocouple A, shown in Figure 6-20, show little variation due to the 
proximity of the fire and the fact that framing plans, including girder depth and spacing, 
are the same for the PT_LS and PT_LS_level models. 
 
Figure 6-21 shows the temperature time-histories recorded at Thermocouple B at the 
exterior edge of the parking structure. At this increased longitudinal distance from the 
burn vehicle, the temperatures recorded in the PT_LS_level model are noticeably greater 
than those recorded in the PT_LS model, though the differences in temperatures are 
relatively small overall. Without the ramp offset at the central column line, combustion 
gases in the PT_LS_level model are more confined to the first floor. 
 
Figure 6-22 considers temperature time-histories at Thermocouple C (See Figure 6-3), 
and thereby considers transverse heat flow from the burn vehicle. The variation between 
temperatures recorded in the PT_LS and PT_LS_level models is significantly increased 
at this location. As noted in the review of results by Bayreuther (2006) and Strenchock 
(2008) in Section 2.1.5, the typical behavior of heated gases with buoyant characteristics 
is observed here. Combustion gases flow vertically upward until they encounter an 
obstruction, and then spread laterally through a given space and vertically downward 
until that space is filled. The existence of the ramp offset in the PT_LS model allows 
combustion gases to travel vertically to higher tiers and floors as they travel transversely 
along the length of the ramp (i.e., in the –x direction toward Thermocouple C here). 
Therefore, the temperatures at Thermocouple C are lower in the PT_LS model than in the 
PT_LS_level model. The variation is more significant than previously noted at 
Thermocouple B. Peak temperatures for the PT_LS and PT_LS_level models at 
Thermocouple C are 30°C and 53°C respectively. Overall, the temperatures reached at 
Thermocouple C are relatively small as compared to Thermocouples A and B. 
 
The temperature variation is even more significant at Thermocouple D (See Figure 6-3) 
because it is located across the central column line from the burn vehicle, above Vehicle 
B5. Temperature time-histories for this thermocouple location are shown in Figure 6-23. 
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Note that Thermocouple D is located at a height of z = 4.25m for the PT_LS model and z 
= 2.75m for the PT_LS_level model. The ramp offset in the PT_LS model allows 
increased dissipation of combustion gases and spread of heat to the second floor above. 
Therefore, the gas temperatures recorded at Thermocouple D are significantly less for the 
PT_LS model. Peak temperatures for the PT_LS and PT_LS_level models are 30°C and 
413°C, respectively. It is apparent that the ramp offset most significantly affects gas 
temperatures recorded across the central column line from the burn vehicle. 
 
Figure 6-24 through Figure 6-30 provides heat flux time-histories at Girder Section 1 
(See Figure 6-3) of the primary girder adjacent the vehicle fire. Each plot considers the 
input heat flux to one of seven surfaces on the steel framing section, as shown in Figure 
7-4. Studying Figure 6-24 through Figure 6-30, it is apparent that the surfaces on the steel 
framing section that exhibit appreciable variation between the PT_LS and PT_LS_level 
models are those surfaces on the +x side of the framing section (i.e., the side opposite the 
vehicle fire). These surfaces include Surface 6 (See Figure 6-26), which is the top-side of 
the bottom flange on the +x side of the web, Surface 7 (See Figure 6-28), which is the 
underside of the top flange on the +x side of the web, and Surface 5 (See Figure 6-30), 
which is the +x side of the web. The input heat fluxes to each of these surfaces are greater 
for the PT_LS_level model than the PT_LS model. This observation reiterates the 
behavior noted when studying the gas temperatures. Without a ramp offset at the central 
column line, combustion gases are more confined to the first floor in the PT_LS_level 
model. The reduced paths for heat flow upon reflection off of adjacent girders and the 
increased exposure to higher gas temperatures results in increased heat fluxes into the 
framing section at surfaces opposite the vehicle fire. The scale of heat flux values is much 
greater on the –x side of the girder due to direct heat radiation from the burn vehicle. 
Therefore, the effects the offset at the central column line are much less prominent. 
 
6.3. Effects of Vehicle Fire Characteristics 
In order to determine the effects of single-vehicle fires compared to multiple-vehicle fires 
on gas temperatures and heat transmission throughout a parking structure, the results of 
the PT_LS and PT_LS_spread models were compared. The PT_LS plan and side 
elevation shown in Figure 6-1 are also the same plan and side elevation for the 
PT_LS_spread model. Framing geometry and elevation scheme are the same for each 
model. Therefore, the effects of a multiple-vehicle fire can be studied in comparison to a 
single-vehicle fire. As shown in Figure 6-31, the PT_LS model considers a single-vehicle 
fire. Vehicle C5 ignites at the onset of the analysis (i.e., t = 0). Vehicle C5 also ignites at 
the onset of the PT_LS_spread analysis. However, adjacent vehicles ignite at six minute 
intervals, as previously described in Section 5.2.7. 
 
Figure 6-32 provides a compilation of thermal slice images from Chapter 5 to allow 
comparisons to be made between the heat transmission behavior found in the PT_LS and 
PT_LS_spread models. The images were taken in the x-y plane within the depth of the 
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steel girders at z = 2.75m on the first floor, lower tier (left of central column line) and z = 
4.25m on the first floor, upper tier (right of central column line). A close look at the 
temperature scales for each set of images suggests that significantly greater temperatures 
are reached in the PT_LS_spread analysis. Correlating the appropriate temperature 
gradients, the images taken at time = t1 are essentially the same because only Vehicle C5 
is burning in each analysis. As the analyses continue, temperatures throughout the 
structure grow more significantly in the PT_LS_spread model due to the spreading of fire 
to adjacent vehicles. Despite the difference in temperatures, typical heat obstruction 
behavior is noted at framing members in both analyses. 
 
The temperature time-histories recorded at various thermocouples, shown in Figure 6-3, 
are used to validate the observations developed from thermal slice images. The time-
histories at Thermocouple A, shown in Figure 6-33, show little variation for 
approximately the first 1800sec of the analyses due to the proximity of the initial burn 
Vehicle C5. Beyond t = 1800sec, however, the effects from adjacent burn vehicles in the 
PT_LS_spread model are noted in the form of temperature variations as great as 230°C 
between the two models at approximately t = 2080sec. This correlates to a time in 
between the peaks of the Vehicle C4 and C6 fires and the Vehicle C3 and C7 fires (See 
Figure 3-25). 
 
Figure 6-34 shows the temperature time-histories recorded at Thermocouple B at the 
exterior edge of the parking structure. At this increased longitudinal distance from the 
burn vehicle, the temperatures recorded in the PT_LS_spread model are noticeably 
greater than those recorded in the PT_LS model after the fire spreads beyond the initial 
burn Vehicle C5 at t = 360sec. However, the temperature differences are smaller than 
those noted at Thermocouple A beyond t = 1800sec. This is likely due to the fact that the 
increased longitudinal distance to Thermocouple B allows greater opportunity for heat 
from adjacent vehicle fires to spread into Bay B2-B3. In addition, the peak of the 
PT_LS_spread temperature time-history occurs after the peak of the PT_LS temperature 
time-history. This shows the combined effects of all of the vehicles in the burn sequence 
on gas temperatures a longitudinal distance away from the burn vehicles in Vehicle Line 
C. The maximum temperature difference noted is 130°C at approximately t = 2100sec, 
which is near the time at which the maximum temperature difference occurred at 
Thermocouple A.  
 
Figure 6-35 considers temperature time-histories at Thermocouple C (See Figure 6-3), 
and thereby considers transverse heat flow from the vehicles in the burn sequence. The 
variation between temperatures recorded in the PT_LS and PT_LS_spread models is 
significantly increased at this location, although the temperatures reached at 
Thermocouple C are relatively small as compared to Thermocouples A and B. The 
maximum temperature difference noted is 62°C at approximately t = 2170sec. As before, 
this time occurs between the peaks of the Vehicle C4 and C6 fires and the Vehicle C3 
and C7 fires, and after the peak in the PT_LS temperature time-history. However, it 
occurs later than the time at which the maximum temperature difference occurs for 
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Thermocouples A and B due to the proximity of burn Vehicle C3 to Thermocouple C. 
Note that the peak heat release rate for burn Vehicle C3 occurs at approximately t = 
2235sec. 
 
A significant temperature variation is also noted at Thermocouple D (See Figure 6-3), 
which is located above Vehicle B5, across the central column line from the initial burn 
Vehicle C5. Temperature time-histories recorded at this thermocouple are shown in 
Figure 6-36. The ramp offset at the central column line in each model allows for the 
dissipation of combustion gases and spread of heat to the first floor upper tier, as well as 
the second floor above. In addition, the peak of the PT_LS_spread temperature time-
history occurs after the peak of the PT_LS temperature time-history. As previously noted 
at Thermocouple B, this shows the combined effects of all of the vehicles in the burn 
sequence on gas temperatures a longitudinal distance away from the burn vehicles in 
Vehicle Line C. The maximum temperature difference noted is 155°C at approximately t 
= 1890sec. This time is nearly at the peak of the Vehicle C4 and C6 fires, which occurs at 
t = 1875sec, therefore suggesting that the Vehicle C3 and C7 fires have less of an impact 
on the gas temperatures at the location of Thermocouple D than the Vehicle C4, C5, and 
C6 fires. This could be attributed to the dispersion of combustion gases as they cross the 
central column line and rise to the upper tier. Those vehicle fires further from the location 
of interest in the first floor, upper tier have less impact on the gas temperatures at that 
location. 
 
Figure 6-37 through Figure 6-43 provides heat flux time-histories at Girder Section 1 
(See Figure 6-3) of the primary girder adjacent the initial vehicle fire. Each plot considers 
the input heat flux to one of seven surfaces on the steel framing section, as shown in 
Figure 7-4. Studying Figure 6-37 through Figure 6-43, it is apparent that the surfaces on 
the steel framing section that exhibit the most significant variation between the PT_LS 
and PT_LS_spread models are those surfaces on the +x side of the framing section (i.e., 
the side opposite the initial burn Vehicle C5). These surfaces include Surface 6 (See 
Figure 6-39), which is the top-side of the bottom flange on the +x side of the web, 
Surface 7 (See Figure 6-41), which is the underside of the top flange on the +x side of the 
web, and Surface 5 (See Figure 6-43), which is the +x side of the web. The input heat 
fluxes to all surfaces are greater for the PT_LS_spread model than the PT_LS model, but 
the difference is most significant at the surfaces on the +x side of the framing section. 
Considering the period of the analyses between t = 1500sec and t = 2700 sec, which 
encompasses the peaks of all input fires in the multiple-vehicle fire burn sequence, heat 
fluxes into +x surfaces in the PT_LS_spread model are as much as 61 times greater than 
those in the PT_LS model. Heat fluxes into surfaces on the –x side of the framing 
member are only as much as 4 times greater in the PT_LS_spread model than the PT_LS 
model. The increased heat fluxes at the +x side of the framing member can be attributed 
to the direct path of heat radiation to that side of the framing member from burn Vehicles 
C6 and C7. In general, the increased heat fluxes to all surfaces in the PT_LS_spread 
model may also be attributed to the increased presence of combustion gases and the 
compartment-type behavior between the primary girders of Bays B2-B3 and B3-B4. The 
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increased heat trapped below the topping slab and between the framing members may 
increase the degree and extent of heat exposure to the framing members, and thereby the 
input heat fluxes as well. 
 
6.4. Summary of Analysis Variable Effects 
The following key observations were developed by studying the effects of the three 
analysis variables in the previous sections of this chapter: 
 
1. Variations in framing geometry of a structure significantly affect heat 
transmission. The depth, orientation, and spacing of framing members all 
contribute to the heat transmission behavior observed in the event of a vehicle 
fire. Deeper framing members obstruct the flow of heat more significantly than 
shallow framing members. Heat tends to flow parallel to framing obstructions 
until enough heat builds up to flow beneath the member. Increased girder spacing 
results in an approximately linear decrease in gas temperatures in the vicinity of 
the vehicle fire. As distance from the vehicle fire increases, variations in framing 
geometry affect this relationship, decreasing its apparent linearity. 
 
2. Variations in framing geometry affect the heat flux into surfaces of steel framing 
members in the vicinity of the vehicle fire. Heat fluxes are greater when a direct 
path of radiation exists between the vehicle fire and the surface in question. 
Deeper framing members tend to obstruct such a path more than shallow framing 
members. Heat fluxes are also greater when framing obstructions are near the 
surface in question, for additional heat can radiate from said framing obstructions 
(e.g., as with the existence of a transverse beam near a primary girder in which the 
heat fluxes are being studied, or an adjacent longitudinal girder at a lesser 
spacing). The compartmentalization of combustion gases between framing 
obstructions can increase the duration of exposure of combustion gases to framing 
member surfaces. Smaller compartment volumes lead to greater temperatures, and 
therefore greater heat fluxes. Also, if two surfaces possess a direct path of 
radiation from the vehicle fire, the surface closer to the input fire exhibits greater 
heat fluxes. 
 
3. Variations in floor elevation significantly affect heat transmission through a 
structure. Opposing ramps at a level elevation result in the lack of a path for 
vertical heat transmission at the central column line. Therefore, gas temperatures 
are significantly less in floors above the vehicle fire but significantly greater in 
the ramp opposite the central column line on the floor that the vehicle fire exists. 
In the vicinity of the vehicle fire and along the bay on the same side of the central 
column line, however, little variation in gas temperatures is noted. 
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4. Variations in floor elevation have a mixed affect on the heat flux into framing 
members in the vicinity of the vehicle fire. Those surfaces to which a direct path 
of heat radiation exists from the vehicle fire show little variation due to the 
existence of an offset of ramps at the central column line. However, those 
surfaces that do not have a direct path of heat radiation from the vehicle fire (i.e., 
surfaces on the opposite side of the framing member) experience greater heat 
fluxes when ramps are at a level elevation. The lack of a ramp offset decreases the 
paths for heat dissipation at the central column line, and serves to further 
compartmentalize the combustion gases at the parking level in which the vehicle 
fire occurs. This compartment-type behavior can lead to increased heat fluxes. 
 
5. The occurrence of a multiple-vehicle fire affects heat transmission through a 
structure in that more combustion gases are generated. Since they spread from 
each vehicle involved in the burn sequence, the extents of heat transmission are 
increased based on the extents of fire spread. In addition, more gases accumulate 
within a given bay. Therefore, gas temperatures within that bay are greater, and 
the flow of gases beneath framing obstructions to adjacent bays is more likely. 
 
6. The occurrence of a multiple-vehicle fire significantly affects the heat flux into 
surfaces of steel framing members in the vicinity of the vehicle fires. Heat fluxes 
are greater when a direct path of radiation exists between the vehicle fire and the 
surface in question. If vehicles to each side of a framing member are on fire, heat 
will radiate directly to each side of the framing member, thereby generating 
greater heat fluxes into the member than if only a single-vehicle fire occurred. 
The increased generation of combustion gases can also increase heat fluxes if 
compartment-type behavior is considered. The increased heat trapped below the 
topping slab and between the framing members may increase the degree and 
extent of heat exposure to the framing members, and thereby the input heat fluxes 
as well. 
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Analysis Plan Side Elevation 
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Figure 6-1: Plans and elevations of PT_LS, PT_SS, RC1_LS, RC1_SS, and RC2_LS models for 
comparison of effects of framing geometry. 
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(a) 
 
(b) 
Figure 6-2: Thermal slice images showing temperature distribution in x-y plane at z = 2.75m (left) and z = 
4.25m (right), time = t1, t3. Temperature scales in degrees Celsius. Scale (a) for PT_LS, PT_SS, RC1_LS, 
and RC1_SS models. Scale (b) for RC2_LS model. 
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Figure 6-3: Location key for comparative thermocouple and heat flux framing section locations. PT_LS 
framing plan shown. 
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Figure 6-4: Temperature time-histories at Thermocouple A (per Figure 6-3) at x = 12.125m; y = 15.5m; z 
= 2.75m. 
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Figure 6-5: Peak temperature at Thermocouple A as a function of girder spacing for PT_LS, PT_SS, 
RC1_LS, RC1_SS, and RC2_LS models. 
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Figure 6-6: Temperature time-histories at Thermocouple B (per Figure 6-3) at x = 12.125m; y = 0.125; z = 
2.75m. 
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Figure 6-7: Peak temperature at Thermocouple B as a function of girder spacing for PT_LS, PT_SS, 
RC1_LS, RC1_SS, and RC2_LS models. 
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Figure 6-8: Temperature time-histories at Thermocouple C (per Figure 6-3) at x = 0.0m; y = 15.5; z = 
2.75m. 
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Figure 6-9: Heat flux time-histories at Girder Section 1 (see Figure 6-3), Surface 3 (See Figure 7-4); y = 
18.125m. 
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Figure 6-10: Heat flux time-histories at Girder Section 1 (see Figure 6-3), Surface 1 (See Figure 7-4); y = 
18.125m. 
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Figure 6-11: Heat flux time-histories at Girder Section 1 (see Figure 6-3), Surface 6 (See Figure 7-4); y = 
18.125m. 
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Figure 6-12: Heat flux time-histories at Girder Section 1 (see Figure 6-3), Surface 2 (See Figure 7-4); y = 
18.125m. 
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Figure 6-13: Heat flux time-histories at Girder Section 1 (see Figure 6-3), Surface 7 (See Figure 7-4); y = 
18.125m. 
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Figure 6-14: Heat flux time-histories at Girder Section 1 (see Figure 6-3), Surface 4 (See Figure 7-4); y = 
18.125m. 
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Figure 6-15: Heat flux time-histories at Girder Section 1 (see Figure 6-3), Surface 5 (See Figure 7-4); y = 
18.125m. 
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Figure 6-16: Peak input heat flux at Girder Section 1 (see Figure 6-3), Surface 4 (See Figure 7-4) as a 
function of girder spacing for PT_LS, PT_SS, RC1_LS, RC1_SS, and RC2_LS models. 
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Figure 6-17: Peak input heat flux at Girder Section 1 (see Figure 6-3), Surface 5 (See Figure 7-4) as a 
function of girder spacing for PT_LS, PT_SS, RC1_LS, RC1_SS, and RC2_LS models. 
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Figure 6-18: Elevations of PT_LS and PT_LS_level models for comparison of effects of floor elevation. 
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Figure 6-19: Thermal slice images showing temperature distribution in y-z plane at x = 12.125m (Mesh 1 
slice image unavailable for PT_LS_level model). Temperature scale in degrees Celsius. 
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Figure 6-20: Temperature time-histories at Thermocouple A (per Figure 6-3) at x = 12.125m; y = 15.5m; z 
= 2.75m. 
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Figure 6-21: Temperature time-histories at Thermocouple B (per Figure 6-3) at x = 12.125m; y = 0.125; z 
= 2.75m. 
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Figure 6-22: Temperature time-histories at Thermocouple C (per Figure 6-3) at x = 0.0m; y = 15.5; z = 
2.75m. 
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Figure 6-23: Temperature time-histories at Thermocouple D (per Figure 6-3) at x = 12.125m; y = 21.5; z = 
4.25m (PT_LS), z = 2.75m (PT_LS_level). 
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Figure 6-24: Heat flux time-histories at Girder Section 1 (see Figure 6-3), Surface 3 (See Figure 7-4); y = 
18.125m. 
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Figure 6-25: Heat flux time-histories at Girder Section 1 (see Figure 6-3), Surface 1 (See Figure 7-4); y = 
18.125m. 
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Figure 6-26: Heat flux time-histories at Girder Section 1 (see Figure 6-3), Surface 6 (See Figure 7-4); y = 
18.125m. 
  - 169 - 
0
5
10
15
20
25
30
0 900 1800 2700 3600 4500 5400
Time (sec)
H
ea
t F
lu
x 
(k
W
/m
2 )
PT_LS
PT_LS_level
 
Figure 6-27: Heat flux time-histories at Girder Section 1 (see Figure 6-3), Surface 2 (See Figure 7-4); y = 
18.125m. 
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Figure 6-28: Heat flux time-histories at Girder Section 1 (see Figure 6-3), Surface 7 (See Figure 7-4); y = 
18.125m. 
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Figure 6-29: Heat flux time-histories at Girder Section 1 (see Figure 6-3), Surface 4 (See Figure 7-4); y = 
18.125m. 
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Figure 6-30: Heat flux time-histories at Girder Section 1 (see Figure 6-3), Surface 5 (See Figure 7-4); y = 
18.125m. 
 
 
Figure 6-31: Comparative ignition sequence key for PT_LS vs. PT_LS_spread models. 
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Figure 6-32: Thermal slice images showing temperature distribution in x-y plane at z = 2.75m (left) and z 
= 4.25m (right). Temperature scales in degrees Celsius. Scale (a) for PT_LS model. Scale (b) for 
PT_LS_spread model. 
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Figure 6-33: Temperature time-histories at Thermocouple A (per Figure 6-3) at x = 12.125m; y = 15.5m; z 
= 2.75m. 
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Figure 6-34: Temperature time-histories at Thermocouple B (per Figure 6-3) at x = 12.125m; y = 0.125; z 
= 2.75m. 
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Figure 6-35: Temperature time-histories at Thermocouple C (per Figure 6-3) at x = 0.0m; y = 15.5; z = 
2.75m. 
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Figure 6-36: Temperature time-histories at Thermocouple D (per Figure 6-3) at x = 12.125m; y = 21.5; z = 
4.25m. 
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Figure 6-37: Heat flux time-histories at Girder Section 1 (see Figure 6-3), Surface 3 (See Figure 7-4); y = 
18.125m. 
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Figure 6-38: Heat flux time-histories at Girder Section 1 (see Figure 6-3), Surface 1 (See Figure 7-4); y = 
18.125m. 
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Figure 6-39: Heat flux time-histories at Girder Section 1 (see Figure 6-3), Surface 6 (See Figure 7-4); y = 
18.125m. 
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Figure 6-40: Heat flux time-histories at Girder Section 1 (see Figure 6-3), Surface 2 (See Figure 7-4); y = 
18.125m. 
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Figure 6-41: Heat flux time-histories at Girder Section 1 (see Figure 6-3), Surface 7 (See Figure 7-4); y = 
18.125m. 
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Figure 6-42: Heat flux time-histories at Girder Section 1 (see Figure 6-3), Surface 4 (See Figure 7-4); y = 
18.125m. 
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Figure 6-43: Heat flux time-histories at Girder Section 1 (see Figure 6-3), Surface 5 (See Figure 7-4); y = 
18.125m. 
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7. NON-LINEAR HEAT TRANSFER ANALYSES 
 
As discussed in Chapter 4, the fire analyses were conducted as follows: Models were 
constructed using a graphical interface (PyroSim). The program then generated a text file 
containing the input parameters needed to run the fire analyses. Those text files were run 
using the FDS program, and, upon completion, two primary types of output data were 
written to files. The first type of FDS output data was presented in Chapter 5 in the form 
of temperature time-histories and thermal slice images for each analysis. This chapter 
explains the use of the second type of FDS output data, namely the heat flux time-
histories. 
 
As was shown in Chapter 5, the gas temperature time-histories obtained from the first 
type of FDS output data were useful for comparing the effects of analysis variables on 
heat transmission through the structure. However, when investigating the effects of 
vehicle fires on structures, the temperature distribution within the structural member itself 
should also be examined in order to understand the implications fire loading has on the 
structural integrity of the member. Therefore, the heat flux time-histories from FDS were 
utilized to conduct non-linear heat transfer finite element analyses in order to determine 
the temperature distribution within the structural member. 
 
The non-linear finite element transient heat transfer analyses of this research were 
performed using the ABAQUS non-linear finite element software package. The primary 
goal of the analyses was to determine the temperature distributions at key sections in 
structural framing elements of the parking structure models under the action of the heat 
flux time-histories found in the fire analyses. Chapter 6 presented heat flux time-histories 
from FDS at surfaces on the framing member directly adjacent the vehicle fire in all 
models. The section at which heat fluxes were considered was taken adjacent the central 
column line (See Girder Section 1 in Figure 6-3) in order to study how heat fluxes a 
given distance from the vehicle fire were affected by the analysis variables discussed in 
Section 3.3. This chapter will explain how these heat flux time-histories were obtained, 
and will subsequently consider the worst-case heat fluxes encountered in the fire models 
at the section directly adjacent the vehicle fire (i.e., at y = 15.5m). In completing the 
finite element heat transfer analyses at these sections, peak internal member temperatures 
can thus be obtained. This data could further be extrapolated to any location in the 
parking garage if the location of the vehicle fire were to change. 
 
The results of the heat transfer analyses are used to gain insight into the structural 
response to the fire loading. Each framing plan considered in the FDS analyses consisted 
of different sized framing members and different framing geometries. Such variations 
could yield significant variations in internal member temperatures observed from one 
model to the next. A smaller section adjacent the vehicle fire will be affected differently 
than a larger section. The tendencies of framing members to trap or channel heat will 
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yield different internal member temperatures from one framing plan to the next. 
Additionally, tributary areas of different sized members affected by the fire loading will 
present a range of implications regarding the integrity of the structure for the various 
framing plans. 
 
Section 7.1 begins with a description of the non-linear heat transfer analysis procedure. 
Section 7.1.1 describes how raw heat flux data from the FDS model was obtained, while 
Section 7.1.2 describes the implementation of this data and the development of the finite 
element heat transfer model. Section 7.1.2 also discusses sensitivity studies used to help 
develop the appropriate finite element model specifications. Section 7.1.3 describes the 
output data considered from the finite element heat transfer models, as well as Eurocode-
defined reduction factors to be extrapolated from that data. 
 
7.1. Non-Linear Heat Transfer Analysis Procedure 
The first step in completing the heat transfer analyses involved the use of the second type 
of FDS output files, the boundary files. As mentioned in Chapter 4, boundary files were 
used to save heat flux data in 30sec increments throughout the duration of the analysis. In 
order to be usable as input to the finite element model, the heat flux output files first had 
to be converted to text files using a computer program. The program, called FDS2ascii, is 
a user interactive Fortran 90 program written at NIST that returns heat flux values in text 
files upon answering specific parameter questions. The returned heat flux values were 
then used as the input into the finite element analyses. 
 
As in the FDS analyses, the heat transfer analyses considered a period of 5400sec. By 
extinguishing the vehicle fires in the FDS analyses prior to t = 5400sec, heat transfer 
analyses could capture the continued heat dissipation throughout the structure. 
Dissipation behavior of each model is dictated by temperature differences and structure 
geometry. The heat fluxes output from FDS, then used as input to the heat transfer 
analyses, captured the effect of this continued heat dissipation. The temperature 
distribution throughout each section of interest was obtained over the course of the 
5400sec analysis for each model. 
 
7.1.1. FDS Model 
As mentioned in Chapter 3, structural steel framing members could not be modeled with 
an appreciable thickness in FDS due to the small scale of member thicknesses relative to 
the 0.125m mesh cell size used for all models. Beam and column webs and flanges were 
modeled as thin-sheet obstructions on mesh boundary lines, as previously seen in Figure 
3-21, and the appropriate thicknesses were considered in the definition of material 
properties. 
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Net heat flux into a solid surface is one of the outputs taken from each of the FDS models 
in this research. The fds2ascii program discussed previously takes the raw data from the 
analysis and outputs net heat flux at specified nodes using a tributary area as shown in 
Figure 7-1. This example model is made up of thin-sheet elements along square cell 
boundary lines of unit length L. Since the web and flanges of all steel framing members 
were modeled as a thin sheet, two faces were approximated on the same cell boundary 
line. Heat flux data can be obtained for any of the nodes on the surface of the obstruction. 
Separate net heat flux files are created for each of the surfaces the node represents in a 
direction perpendicular to the surface on which that node lies. Therefore, the fds2ascii 
will generate two heat flux files for each node on the thin-sheet obstruction. In the case of 
the node shown on the web of the model framing element in Figure 7-1, net heat fluxes 
are determined for the tributary area of length L (i.e., L/2 to each side of the node) in both 
the +x and –x coordinate directions. In the event that the node exists at the end of the 
member, such as at the flange tip shown in Figure 7-1, the tributary area for that node is 
of length L/2. Net heat flux files are generated for this tributary length in the +z and –z 
coordinate directions. Note that in the event that the node exists on the surface of an 
obstruction modeled with a unit thickness or greater, such as at the underside of the 
concrete topping slab, the fds2ascii program will only generate a single net heat flux file 
for that node in the direction perpendicular to the surface. 
 
Figure 7-2 and Figure 7-3 show nodes at which heat flux data was collected for key 
sections of each FDS model. Numbered nodes consider heat flux into the wide flanged 
steel member, and nodes with the prefix CL or CR consider heat flux into the underside 
of the concrete topping slab at the left and right sides of the section respectively.  
 
Nodal heat flux time-histories were then applied in accordance with Table 7-1 as input 
heat flux time-histories to the surfaces on the wide flange section and the adjacent 
concrete topping slab shown in Figure 7-4. In some cases, a single node was used to 
provide the input heat flux time-history for a given surface. This was partly due to the 
size of that surface in relation to the overall mesh cell size. In the case of the underside of 
the top flange, only one node exists to either side of the web intersection. In the case of 
the underside of the bottom flange, however, three unobstructed nodes typically exist 
along the surface. Early test results showed that the heat flux time-history for the center 
node in the –z direction (downward) was precisely the average of the heat flux time-
histories of the nodes at each flange tip, as seen in Figure 7-5. For this reason, only the 
center node was considered in subsequent heat transfer analyses to represent the input 
heat flux at the underside of the bottom flange. Nodal heat flux time-histories were 
averaged to obtain the input heat flux time-histories for web and adjacent topping slab 
surfaces. 
 
Figure 7-6 to Figure 7-33 are plots of the average heat flux time-histories determined in 
each of the FDS analyses for the section of the primary steel girder adjacent the initial 
burn vehicle (i.e., Vehicle C5) at y = 15.5m. These heat flux time-histories were applied 
as input heat fluxes in the appropriate heat transfer models for the surfaces defined in 
  - 180 - 
Figure 7-4. Four graphs are provided for each analysis. The first shows heat flux time-
histories for top flange surfaces (Surface 2 and Surface 7). The second shows heat flux 
time-histories for web surfaces (Surface 4 and Surface 5). The third shows heat flux time-
histories for bottom flange surfaces (Surface 1, Surface 3, and Surface 9). Finally, the 
fourth shows heat flux time-histories for adjacent concrete surfaces (Surface CL and CR).  
 
Each heat flux time-history follows a similar trend to that of the input vehicle fire (See 
Figure 3-24). The magnitudes of each plot vary based on the proximity of each surface to 
the fire source, as well as the existence of a path for direct heat radiation from that fire 
source to the given surface. 
 
7.1.2. Finite Element Model 
Two-dimensional finite element models of sections through structural steel framing 
members of interest were constructed using the ABAQUS non-linear finite element 
software package. Each ABAQUS model was developed to correspond to a given FDS 
model, as discussed in the previous section. The element type was a solid (continuum), 
first order (four nodes), heat transfer quadrilateral element, called DC2D4 in ABAQUS, 
with full integration. The element mesh configuration for the wide flange sections of each 
model is two elements across the web and three elements through the thickness of the 
flanges. This configuration was determined in the first of the two sensitivity studies 
described below. A 1.524m (5ft) wide section of concrete topping slab is included in each 
model to account for the heat sink properties of the slab. The mesh defined in the 
concrete section transitions from a fine mesh adjacent the wide flange steel section to a 
course mesh at each end. Seeds were assigned appropriately to mesh boundaries to 
establish this transition in cell size. The mesh pattern within the transition area of the 
topping slab was generated via an advancing front algorithm within ABAQUS. Elements 
were selected to be quad dominated, which allowed triangular elements to be used 
sparingly as a means of accommodating the number of cells defined at each mesh 
boundary line. Elements in the steel section and at the ends of the concrete topping slab 
(i.e., beyond the transition area) were selected to be structured quadrilaterals, thereby 
ensuring a rectilinear mesh in these areas. 
 
Sensitivity Studies 
Two types of sensitivity studies were made to develop the finite element heat transfer 
model specifications and to determine the impact of the modeling assumptions on the 
results. The first study, labeled Case 1, focused on mesh configuration and element type. 
The second study, Case 2, investigated the necessity to assume a length of time over 
which the input heat flux values return to zero after the vehicle fire is extinguished. Both 
studies were performed on a section of the PT_LS model and focused on the area of 
greatest fire loading adjacent the vehicle fire (i.e., at y = 15.5m). 
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Case 1: Mesh Configuration 
The primary objective of the first sensitivity study was to determine the appropriate finite 
element mesh configuration for the finite element heat transfer analyses. Since the focus 
of the heat transfer analyses was the temperature distribution within the steel framing 
members, mesh arrangement was varied for the wide flange steel section and held 
constant in the concrete topping slab for consistency. Specifically, the study sought to 
determine the appropriate number of cells through the thickness of the steel web and 
flanges. The element order (i.e., linear or quadratic) was also considered. However, 
previous research performed by Lee (2006) provided justification for the use of first order 
elements in all heat transfer analyses. 
 
The objective of Lee’s research was to numerically investigate fire tests on steel columns 
as performed by Kohno and Masuda (2003). This included conducting structural and heat 
transfer finite element analyses in order to analyze the structural and thermal behaviors 
respectively of the steel columns under loading. Parametric studies were conducted, and 
numerical analysis results were compared with experimental data from the tests 
previously performed by Kohno and Masuda to verify the numerical model. 
 
In performing a convergence study, Lee (2006) determined that linear elements were 
more appropriate than quadratic elements for his heat transfer analyses. Despite quadratic 
elements giving more accurate results than linear elements for the same number of nodes 
in a mesh, Lee noticed a temperature oscillation in his results while using quadratic 
elements. According to the ABAQUS program manual, this temperature oscillation was 
attributed to an error in the numerical formulation of the quadratic heat transfer element 
that occurs with rapid heating at the boundary. Rapid heating is typical in the context of 
fire. Therefore, Lee used the linear three-dimensional heat transfer element (DC3D8) to 
model the steel columns. The same first-order elements were used in the heat transfer 
analyses conducted by Bayreuther (2006) and Strenchock (2008). 
 
As in Lee’s, Bayreuther’s, and Strenchock’s research, the heat transfer analyses of this 
research were performed in ABAQUS. However, models constructed by the 
aforementioned analysts used three-dimensional elements, while this research considers 
two-dimensional elements through the cross section of a framing member. Nonetheless, a 
linear heat transfer element (DC2D4) was used in all heat transfer models for this 
research. Table 7-2 outlines each of the cases considered in the sensitivity study. 
 
In order to determine the appropriate number of elements in the finite element model 
through the thickness of the web and flange of the steel framing member, a benchmark of 
two elements for the web and three elements for the flanges was used. This number was 
then increased and decreased to create a range of models for the sensitivity study (See 
Table 7-2). The number of elements along the length of the web and flanges was 
subsequently selected for each model such that all elements had aspect ratios near unity. 
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As previously mentioned, the steel section and input heat flux data used for the sensitivity 
study were taken from the PT_LS model. The section was cut in Girder B3, adjacent the 
vehicle fire at y = 15.5m. Figure 7-34 is an image of the typical finite element model 
section used in the sensitivity studies. Similar to the convergence study performed by Lee 
(2006), this study considered nodal temperature time-histories for the duration of the 
input fire at specific nodes of the model. Three nodes were selected from the side of the 
steel section facing the input fire (-x direction). Node 8, which lies at the edge of the 
bottom flange, was selected because it was the closest to the input fire and would 
therefore reach the greatest temperature. Nodes 13 and 16 were then selected to provide 
variation to the study. Additionally, their proximity to the concrete topping slab, which 
would act as a heat sink in the heat transfer analysis, could suggest lower temperatures at 
these nodes. 
 
Figure 7-35 to Figure 7-37 are temperature time-histories at the aforementioned nodes for 
each case outlined in Table 7-2. As can be seen in these plots, the output temperatures for 
Analysis Cases A, B, and C are nearly identical. A close look reveals instances of slight 
temperature variation in the Case C temperature time-history with respect to those of 
Cases A and B. However, it is apparent that the results of the heat transfer analyses will 
not be significantly affected by the number of elements considered within the steel 
framing member section based on the range of elements considered in this sensitivity 
study.  
 
Ultimately, the lack of sensitivity to the number of elements considered in the steel 
section in addition to the arguments against the use of second-order heat transfer 
elements made by Lee (2006) led to the use of the Case B mesh configuration as the basis 
for all heat transfer models in this research. Specifically, first-order heat transfer elements 
were used, and two and three elements were specified through the thickness of the web 
and flanges, respectively. Aspect ratios close to one were provided, and the number of 
elements specified along the length of the web and flanges of each member varied to 
accommodate the overall member size. 
 
Case 2: Onset of Heat Dissipation 
A basic understanding of the default processes of ABAQUS provides justification for a 
second sensitivity study. The heat flux time-histories determined in the FDS analyses are 
specified as input data for the ABAQUS heat transfer analyses in a tabular format. If the 
final value in the heat flux time-history is specified at a time prior to the end of the heat 
transfer analysis, the default in ABAQUS is to hold the final specified heat flux value 
constant for the remainder of the analysis. If this heat flux value is appreciably large, it 
may result in a continual rise in temperature of the steel framing member section 
considered. Ideally, the peak steel temperature will be reached and heat dissipation will 
initiate before the end of the analysis (i.e. 5400sec in this research), thereby ensuring the 
worst of the heat effects is considered. 
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In this research, the final specified heat flux data point from FDS occurs at t = 5730sec 
(i.e., thirty seconds less than the full 5760sec FDS analysis). The heat transfer analyses in 
this sensitivity study were carried out until t = 11520sec (i.e., twice the length of the 
5760sec FDS analysis) to ensure that the onset of heat dissipation occurs and to 
determine if the constant heat flux input after t = 5730sec significantly affects the internal 
member temperatures attained. As a means for comparison, two additional models were 
considered in which the heat flux input was assumed to return to zero at arbitrary times. 
The first model abruptly stopped the heat flux input at t = 5760sec, and the second model 
assumed a linear decline until t = 11520sec. These three end conditions can be seen in 
Figure 7-38. The true declining trend of positive heat fluxes is unknown. The likelihood 
is that the trend is non-linear and that negative heat flux values occur in the sense that 
latent heat within the structural member is given off to the surrounding air. The linear 
trend was assumed for simplicity, strictly to determine the extent of the effects of the 
constant heat flux that remains due to ABAQUS defaults. 
 
Output temperature time-histories were studied at Nodes 8, 13, and 16 (See Figure 7-34), 
which were the same nodes considered in the Case 1 sensitivity study. These histories can 
be seen in Figure 7-39 through Figure 7-41. In each plot, the three curves represent the 
cases in which the heat flux input remains constant over the second half of the heat 
transfer analysis, drops abruptly to zero at t = 5760sec, and is linearly brought to zero 
over the second half of the heat transfer analysis. The bifurcation point of these three 
curves occurs at the end of the specified input heat flux data (i.e., t = 5730sec). 
 
It is apparent that the end conditions of the input heat flux data had very little effect on 
the resulting temperature time-histories at each of the nodes considered. There is little 
variation seen between the three curves in each plot. This suggests that the value of the 
input heat flux that remains constant beyond the specified input data is small enough to 
not cause significant heating of the steel section. Since it was decided to completely 
extinguish the fire at t = 3600sec in the FDS analyses, latent heat flux values were 
typically less than 2% of the peak heat flux value over the time-history for each of the 
surfaces at which heat fluxes were specified (See Figure 7-4). If this value were a larger 
fraction of the peak input heat flux, as would have been the case if the FDS fire were not 
fully extinguished, there would be greater potential for a continued heating of the steel 
section and no initiation of heat dissipation within the analysis duration considered. 
 
The section considered in this study was taken directly adjacent the vehicle fire, which 
experiences the most significant effects in response to the fire loading. Additionally, 
Node 8 represents the point at which the peak internal member temperature is reached. 
As seen in Figure 7-39, heat dissipation has initiated in that the member temperatures are 
not increasing at the end of the analysis. Therefore, it can be assumed that heat 
dissipation will initiate at all nodes in all sections of the model within the 5400sec 
analysis duration. 
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Since there was little variation between the resulting temperature time-histories of the 
three end conditions, it was decided to conduct all heat transfer analyses using the heat 
flux data directly obtained from the FDS analyses. Therefore, the heat fluxes were not 
assumed to return to zero. This is the most conservative of the three cases considered in 
that some positive heat flux may remain. In addition, all heat transfer analyses considered 
the first 5400sec of the fire history despite having input heat flux data specified through t 
= 5730sec. A trend suggesting heat dissipation was clearly observed to initiate before this 
time in the sensitivity study, and no assumptions would therefore need to be made 
regarding the trend of heat flux values returning to zero. 
 
7.1.3. ABAQUS Output Data 
There are two types of output data available for request in ABAQUS. They are field 
outputs and history outputs, both of which were considered in this research. The field 
outputs provided graphical representations of the temperature distribution through the 
steel framing section and concrete topping slab at discrete times throughout the specified 
5400sec heat transfer analysis. The history outputs, in turn, provided tabulated 
temperature time-histories over the duration of the 5400sec analysis for nodes on selected 
surfaces. This type of output was more useful in determining the extent of the effects on 
the steel framing in response to the fire loading, as well as in the presentation of the heat 
transfer results. 
 
Specific nodes were selected on the surface of the underside of the top flange, on the side 
of the web facing the vehicle fire (i.e., -x direction), and on the underside of the bottom 
flange. Temperature time-history results at each of these nodes were studied to 
understand the range of temperatures encountered throughout each subpart of the overall 
section (i.e., top flange, web, and bottom flange). An average of the data at each of these 
nodes was also considered. In general, three nodes were considered at the underside of 
the top flange, including one at each flange tip and one at the interface of the web and top 
flange. Three nodes were considered on the face of the web, one centered between the top 
and bottom flanges and one at half of the distance to each flange from that point. Three 
nodes were also considered on the underside of the bottom flange, one at each flange tip 
and one in the center. The first analysis presented in Chapter 8 initially considers 
additional nodes to understand overall response, but provides justification for using the 
reduced set of nodes in the determination of the average temperature time-histories for 
each subpart thereafter. 
 
In order to obtain a better understanding of the structural implications of the fire loading, 
reduction factors for the stress-strain relationship of steel at elevated temperatures, as 
defined in Eurocode 3: Design of Steel Structures (2001), were considered. These factors 
account for reductions in the effective yield strength, fy, the proportional limit, fp, and the 
slope of the linear elastic range, Ea (i.e., the modulus of elasticity). The Eurocode 
normalizes the effective yield strength and the proportional limit at elevated temperatures 
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with respect to the effective yield strength at room temperature (i.e., 20°C), and the 
modulus of elasticity at elevated temperatures with respect to itself at room temperature. 
Figure 7-42 shows a plot of these normalized factors as adapted from Eurocode 3 (2001). 
At temperatures exceeding 100°C, the proportional limit and modulus of elasticity begin 
to decline, while the effective yield strength is not affected until beyond 400°C. 
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Surface Description Nodes Used Direction 
1 Top of Bottom Flange, Left Side 1 +z 
2 Bottom of Top Flange, Left Side 2 -z 
3 Bottom of Bottom Flange 3 -z 
4 Web, Left Side 4, 5, 6, 7 +x 
5 Web, Right Side 4, 5, 6, 7 -x 
6 Top of Bottom Flange, Right Side 8 +z 
7 Bottom of Top Flange, Right Side 9 -z 
CL Underside of Concrete Slab, Left Side CL1, CL2, CL3 -z 
CR Underside of Concrete Slab, Right Side CR1, CR2, CR3 -z 
Table 7-1: Node and surface breakdown for FDS/ABAQUS heat transfer analyses (See Figure 7-2, Figure 
7-3, and Figure 7-4). 
 
 
Number of      
Elements Through 
Element 
Order 
Analysis Web Flange Linear 
Case A 1 1 x 
Case B 2 3 x 
Case C 4 6 x 
Table 7-2: Element breakdown for Case 1 finite element sensitivity study. 
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Figure 7-1: fds2ascii element and node diagram. 
 
 
Figure 7-2: Generalized section of PT_LS, PT_SS, RC1_SS, RC2_LS, PT_LS_level, and PT_LS_spread. 
FDS models with node labeling. 
 
 
 
Figure 7-3: Generalized section of RC1_LS FDS model with node labeling. 
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Figure 7-4: General FDS surface labeling key (See Table 7-1). 
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Figure 7-5: Preliminary study of FDS output heat flux time-histories at underside of bottom flange. 
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Figure 7-6: PT_LS heat transfer input: average heat flux values at top flange surfaces (See Figure 7-4). 
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Figure 7-7: PT_LS heat transfer input: average heat flux values at web surfaces (See Figure 7-4). 
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Figure 7-8: PT_LS heat transfer input: average heat flux values at bottom flange surfaces (See Figure 7-4). 
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Figure 7-9: PT_LS heat transfer input: average heat flux values at adjacent slab surfaces (See Figure 7-4). 
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Figure 7-10: PT_SS heat transfer input: average heat flux values at top flange surfaces (See Figure 7-4). 
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Figure 7-11: PT_SS heat transfer input: average heat flux values at web surfaces (See Figure 7-4). 
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Figure 7-12: PT_SS heat transfer input: average heat flux values at bottom flange surfaces (See Figure 
7-4). 
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Figure 7-13: PT_SS heat transfer input: average heat flux values at adjacent slab surfaces (See Figure 7-4). 
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Figure 7-14: RC1_LS heat transfer input: average heat flux values at top flange surfaces (See Figure 7-4). 
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Figure 7-15: RC1_LS heat transfer input: average heat flux values at web surfaces (See Figure 7-4). 
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Figure 7-16: RC1_LS heat transfer input: average heat flux values at bottom flange surfaces (See Figure 
7-4). 
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Figure 7-17: RC1_LS heat transfer input: average heat flux values at adjacent slab surfaces (See Figure 
7-4). 
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Figure 7-18: RC1_SS heat transfer input: average heat flux values at top flange surfaces (See Figure 7-4). 
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Figure 7-19: RC1_SS heat transfer input: average heat flux values at web surfaces (See Figure 7-4). 
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Figure 7-20: RC1_SS heat transfer input: average heat flux values at bottom flange surfaces (See Figure 
7-4). 
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Figure 7-21: RC1_SS heat transfer input: average heat flux values at adjacent slab surfaces (See Figure 
7-4). 
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Figure 7-22: RC2_LS heat transfer input: average heat flux values at top flange surfaces (See Figure 7-4). 
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Figure 7-23: RC2_LS heat transfer input: average heat flux values at web surfaces (See Figure 7-4). 
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Figure 7-24: RC2_LS heat transfer input: average heat flux values at bottom flange surfaces (See Figure 
7-4). 
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Figure 7-25: RC2_LS heat transfer input: average heat flux values at adjacent slab surfaces (See Figure 
7-4). 
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Figure 7-26: PT_LS_level heat transfer input: average heat flux values at top flange surfaces (See Figure 
7-4). 
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Figure 7-27: PT_LS_level heat transfer input: average heat flux values at web surfaces (See Figure 7-4). 
 
0
5
10
15
20
0 900 1800 2700 3600 4500 5400
Time (sec)
H
ea
t F
lu
x 
(k
W
/m
2 ) Surface 3
Surface 1
Surface 6
 
Figure 7-28: PT_LS_level heat transfer input: average heat flux values at bottom flange surfaces (See 
Figure 7-4). 
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Figure 7-29: PT_LS_level heat transfer input: average heat flux values at adjacent slab surfaces (See 
Figure 7-4). 
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Figure 7-30: PT_LS_spread heat transfer input: average heat flux values at top flange surfaces (See Figure 
7-4). 
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Figure 7-31: PT_LS_spread heat transfer input: average heat flux values at web surfaces (See Figure 7-4). 
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Figure 7-32: PT_LS_spread heat transfer input: average heat flux values at bottom flange surfaces (See 
Figure 7-4). 
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Figure 7-33: PT_LS_spread heat transfer input: average heat flux values at adjacent slab surfaces (See 
Figure 7-4). 
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Figure 7-34: Node labeling key for FEM sensitivity studies. 
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Figure 7-35: Temperature time-histories for Case 1 sensitivity study, Node 8 of PT_LS heat transfer 
model. 
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Figure 7-36: Temperature time-histories for Case 1 sensitivity study, Node 13 of PT_LS heat transfer 
model. 
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Figure 7-37: Temperature time-histories for Case 1 sensitivity study, Node 16 of PT_LS heat transfer 
model. 
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Figure 7-38: Typical end conditions considered in Case 2 sensitivity study, taken from input heat flux data 
for underside of bottom flange in PT_LS heat transfer model. 
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Figure 7-39: Temperature time-histories for Case 2 sensitivity study, Node 8 of PT_LS heat transfer 
model. 
  - 199 - 
0
50
100
150
200
250
300
0 2880 5760 8640 11520
Time (sec)
Te
m
pe
ra
tu
re
 (°
C
)
Constant
5760
11520
 
Figure 7-40: Temperature time-histories for Case 2 sensitivity study, Node 13 of PT_LS heat transfer 
model. 
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Figure 7-41: Temperature time-histories for Case 2 sensitivity study, Node 16 of PT_LS heat transfer 
model. 
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Figure 7-42: Reduction factors for the stress-strain relationship of steel at elevated temperatures [adapted 
from Eurocode 3 (2001)]. 
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8. INDIVIDUAL NON-LINEAR HEAT TRANSFER ANALYSIS 
SUMMARIES 
 
 
This chapter presents results of the individual non-linear heat transfer analyses. The 
procedure followed to determine the appropriate analysis specifications and results was 
described in Chapter 7. Section 8.1 summaries for each of the seven analyses: PT_LS, 
PT_SS, RC1_LS, RC1_SS, RC2_LS, PT_LS_level, and PT_LS_spread. 
 
8.1. Individual Non-Linear Heat Transfer Analysis Summaries 
The following sections present the results of the individual non-linear heat transfer 
analyses. For each analysis, the temperature distribution throughout the steel wide flange 
section and concrete topping slab was obtained for a period of 5400sec. The girder 
adjacent the primary burn Vehicle C5 (i.e., Girder B3 in “PT_” models, Girder B2 in 
“RC1_” models, and Girder B5 in the RC2_LS model) was considered, and the section in 
line with the center of the burn vehicle (i.e., at y = 15.5m) was modeled. This section was 
expected to reach the greatest internal temperature of all framing member sections within 
the structure, thereby providing an understanding of the most drastic effects of the fire 
loading on the material strength of the steel framing members. 
 
8.1.1. PT_LS 
Figure 8-1 through Figure 8-3 present images of the PT_LS finite element heat transfer 
model. These images provide the locations of nodes considered at the surfaces of the top 
flange, web, and bottom flange, respectively. Nodes were selected such that they were 
well spaced along each subpart of the steel framing section. Initially, six nodes were 
considered on the top flange, and five nodes were considered on both the web and bottom 
flange. In plotting the temperature time-history output data for each node, it was apparent 
that a reduced subset of nodes would be sufficient in describing the framing member’s 
response to the fire loading. Those nodes that were ultimately removed from the 
calculation of average temperatures for each subpart included Nodes 427, 10, and 132 on 
the top flange, Nodes 170 and 278 on the web, and Nodes 30 and 105 on the bottom 
flange (See Figure 8-1 through Figure 8-3).  
 
Considering the top flange, Nodes 10 and 13 exhibited temperature time-histories very 
similar to one another, therefore justifying the use of one of the two nodes (See Figure 
8-4). Node 10 was selected because it would provide a slightly higher, more conservative 
temperature time-history than Node 13 because it lies on the side of the framing member 
facing the vehicle fire. Additionally, the average temperature time-history considering 
Nodes 427 and 132 was similar to that without. Therefore, it was deemed that an 
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acceptable average temperature time-history for the top flange could be determined 
considering only Nodes 16, 13, and 11 (See Figure 8-1). 
 
Note that the average temperature time-history is very near that of Nodes 10 and 13 for 
the first 1800sec of the analysis. The deviation from this trend beyond t = 1800sec is due 
to the internal conduction of heat through the web of the steel framing member. While the 
concrete topping slab acts as a heat sink and draws heat from the full width of the top 
flange, heat from the lower portions of the steel framing member continues to travel 
upwards through the web to the top flange. Therefore, the innermost nodes are hotter than 
those near the flange tips beyond the peak of the fire loading, and thus have a greater 
effect on the average temperature time-history of the top flange in the latter half of the 
analysis. 
 
Figure 8-2 shows a definitive gradient of temperature through the height of the web, from 
warmest near the bottom flange to coolest near the top flange. Due to their proximity to 
the top and bottom flanges respectively, Nodes 170 and 278 exhibited temperature time-
histories very similar to the flanges to which they are adjacent (See Figure 8-5). In the 
case of the Node 170, the temperature is much lower than that at all other nodes 
considered due to the significant heat extraction by the concrete topping slab. It was 
concluded that these two nodes provided a better representation of the temperature 
distribution in the top and bottom flanges than the web. Therefore, they were not 
considered in the determination of the average temperature time-history for the web. 
Similar to as in the top flange, a separation of the nodal temperature time-histories occurs 
beyond t = 1800sec largely due to the heat sink properties of the concrete topping slab. 
 
As seen in Figure 8-6, the temperature time-histories for each of the nodes across the 
bottom flange are very similar due to their proximity to the vehicle fire. Between the 
onset of the input fire and when it is extinguished at t = 3600sec, the steel temperature in 
the bottom flange is greatest at the flange tip nearest the vehicle fire (i.e., Node 8) and 
least at the flange tip furthest from the vehicle fire (i.e., Node 3). After the fire is 
extinguished, however, the temperatures across the width of the bottom flange appear to 
equilibrate and converge before the end of the 5400sec analysis. Similar to as in the top 
flange, the average temperature time-history considering the intermediate nodes between 
the center and tips of the flange (i.e., Nodes 105 and 30) was similar to that without. 
Therefore, it was deemed that an acceptable average temperature time-history for the 
bottom flange could be determined considering only Nodes 8, 117, and 3 (See Figure 
8-3). 
 
Figure 8-7 through Figure 8-15 are plots of the reduction factors for the stress-strain 
relationship of steel at elevated temperatures, as defined in Eurocode 3 (2001). As stated 
in Section 7.1.3, reductions in effective yield strength, proportional limit, and modulus of 
elasticity are considered. Figure 8-7 through Figure 8-9 present reduction factors for the 
top flange, Figure 8-10 through Figure 8-12 present reduction factors for the web, and 
Figure 8-13 through Figure 8-15 present reduction factors for the bottom flange. 
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Although the figures plot the reduction factors for each of the nodes considered in the 
determination of the average temperature time-history, this discussion will only refer to 
the average curves. 
 
Since the average temperature time-histories in the top flange and web remain below 
400°C over the course of the analysis, there is no reduction in the effective yield strength 
for either part. There is, however, a reduction in the effective yield strength in the bottom 
flange due to its proximity to the vehicle fire. A reduction of the proportional limit and 
modulus of elasticity takes place in the top flange, web, and bottom flange because these 
properties are affected at temperatures in excess of 100°C. Note that the reduction in the 
proportional limit is more significant than the reduction in the elastic modulus, and that 
reductions to the bottom flange are most significant. Additionally, the reduction of each 
factor initiates in the bottom flange before the web and top flange due to its proximity to 
the vehicle fire. 
 
8.1.2. PT_SS 
Figure 8-16 through Figure 8-18 present images of the PT_SS finite element heat transfer 
model. These images provide the locations of the reduced set of nodes considered at the 
surfaces of the top flange, web, and bottom flange, respectively. As described in Section 
8.1.1, the reduced set of nodes includes three nodes at each of the steel framing section 
subparts. For the PT_SS model, they include Nodes 16, 13, and 11 at the top flange, 
Nodes 219, 192, and 165 at the web, and Nodes 8, 93, and 3 at the bottom flange. 
 
Similar to as noted in the results of the PT_LS analysis, Figure 8-19 clearly shows the 
significance of the proximity of the concrete topping slab to the top flange of the steel 
section. The temperature drops abruptly from its peak value after the peak of fire loading 
because the concrete acts as a heat sink, thereby drawing the heat from the adjacent steel 
member. This is most readily apparent at Node 16, which is on the same side of the girder 
as the vehicle fire. In addition, the temperature time-history at Node 13 affects the 
average temperature time-history of the top flange more significantly beyond t = 1800sec, 
when heat is continually conducted upwards through the web of the steel section into the 
center of the top flange while the concrete topping slab concurrently draws heat from the 
full width of the top flange. 
 
Figure 8-17 shows a definitive gradient of temperature through the height of the web, 
from warmest near the bottom flange to coolest near the top flange. The average 
temperature time-history for the web, plotted in Figure 8-20, is approximately equivalent 
to the temperature time-histories for the three nodes considered for the first 1800sec of 
the analysis. The separation of curves beyond that point is most significantly affected by 
the extraction of heat from the top of the steel section by the concrete topping slab, as 
seen in the Node 165 curve.  
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As seen in Figure 8-21, the temperature time-histories for each of the nodes across the 
bottom flange are very similar due to their proximity to the vehicle fire. Between the 
onset of the input fire and when it is extinguished at t = 3600sec, the steel temperature in 
the bottom flange is greatest at the flange tip nearest the vehicle fire (i.e., Node 8) and 
least at the flange tip furthest from the vehicle fire (i.e., Node 3). After the fire is 
extinguished, however, the temperatures across the width of the bottom flange appear to 
equilibrate and converge before the end of the 5400sec analysis. 
 
Figure 8-22 through Figure 8-30 are plots of the reduction factors for the stress-strain 
relationship of steel at elevated temperatures, as defined in Eurocode 3 (2001). Figure 
8-22 through Figure 8-24 present reduction factors for the top flange, Figure 8-25 through 
Figure 8-27 present reduction factors for the web, and Figure 8-28 through Figure 8-30 
present reduction factors for the bottom flange. Although the figures plot the reduction 
factors for each of the nodes considered in the determination of the average temperature 
time-history, this discussion will only refer to the average curves. 
 
Since the average temperature time-histories in the top flange and web remain below 
400°C over the course of the analysis, there is no reduction in the effective yield strength 
for either part. There is, however, a reduction in the effective yield strength in the bottom 
flange due to its proximity to the vehicle fire. A reduction in the proportional limit and 
modulus of elasticity takes place in the top flange, web, and bottom flange because these 
properties are affected at temperatures in excess of 100°C. Note that the reduction in the 
proportional limit is more significant than the reduction in the elastic modulus, and that 
reductions to the bottom flange are most significant. Additionally, the reduction of each 
factor initiates in the bottom flange before the web and top flange due to its proximity to 
the vehicle fire. 
 
8.1.3.  RC1_LS, RC1_SS, RC2_LS, and PT_LS_level 
Although temperature magnitudes vary from model to model, behavior similar to that 
noted in the PT_SS heat transfer model is seen in the remaining single-vehicle fire 
analyses. These include RC1_LS, RC1_SS, RC2_LS, and PT_LS_level. Each analysis 
studied the temperature time-histories at specific nodes on the top flange, web, and 
bottom flange and subsequently considered the Eurocode-defined reduction factors 
corresponding to the elevated temperatures at those nodes. Figure 8-31 to Figure 8-45 
presents heat transfer results for the RC1_LS analysis. Similarly, Figure 8-46 to Figure 
8-60 presents heat transfer results for the RC1_SS analysis, Figure 8-61 to Figure 8-75 
presents heat transfer results for the RC2_LS analysis, and Figure 8-76 to Figure 8-87 
presents heat transfer results for the PT_LS_level analysis. 
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8.1.4. PT_LS_spread 
Figure 8-1 through Figure 8-3 present images of the PT_LS finite element heat transfer 
model. The same finite element model geometry and mesh were considered for the 
PT_LS_spread model. However, input heat fluxes to each of the surfaces defined in 
Figure 7-4 were altered to utilize the data determined in the PT_LS_spread FDS model. 
These images provide the locations of the reduced set of nodes considered at the surfaces 
of the top flange, web, and bottom flange, respectively. As described in Section 8.1.1, the 
reduced set of nodes includes three nodes at each of the steel framing section subparts. 
For the PT_LS_spread model, they include Nodes 16, 13, and 11 at the top flange, Nodes 
251, 224, and 197 at the web, and Nodes 8, 117, and 3 at the bottom flange. 
 
Similar to as noted in the results of the PT_LS analysis, Figure 8-88 clearly shows the 
significance of the proximity of the concrete topping slab to the top flange of the steel 
section. The nodal temperatures drop from their peak values after the peaks of fire 
loading at the respective framing member sides because the concrete acts as a heat sink, 
thereby drawing the heat from the adjacent steel member. Node 16 is on the –x side of the 
top flange and reaches its peak before Node 11, which is on the +x side of the flange. 
This is because Vehicle C5, which is to the –x side of the framing section, is ignited 
before Vehicle C6, which is to the +x side of the framing section. The average nodal 
temperature time-history closely follows that of Node 13 for the first 1800sec of the 
analysis. Beyond this point, the peak in fires to the +x side of the framing section, the 
heat sink properties of the slab above, and the continued conductance of heat upwards 
through the web of the steel section create significant variation between the average and 
nodal temperature time-histories. Nodes 16 and 11 at the flange tips lose heat more 
readily to the concrete topping slab, while Node 13 stays hotter due to its proximity to the 
web. 
 
Figure 8-89 shows temperature time-histories for nodes considered in the web of the 
PT_LS_spread heat transfer model. The nodal temperature time-histories are 
approximately equivalent for the first 2200sec of the analysis. The separation of curves 
beyond that point is most significantly affected by the extraction of heat from the top of 
the steel section by the concrete topping slab, as seen in the Node 197 curve. The 
temperature time-histories at Nodes 251 and 224 continue to remain approximately 
equivalent for the remainder of the analysis, which suggests that the temperature 
distribution throughout the web is relatively uniform until the heat sink properties of the 
concrete topping slab decrease the temperatures in the upper portion of the web. 
 
As seen in Figure 8-90, the temperature time-histories for each of the nodes across the 
bottom flange are very similar due to their proximity to the vehicle fires. Between the 
onset of the input fire and approximately t = 2000sec, the steel temperature in the bottom 
flange is greatest at the flange tip nearest the Vehicle C5 fire (i.e., Node 8). Beyond this 
point, the Vehicle C5 fire has declined while the Vehicle C6 and C7 fires on the +x side 
of the framing member are near their peaks. Therefore, the steel temperature in the 
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bottom flange is greatest at the flange tip nearest Vehicle C6 and C7 (i.e., Node 3). 
However, the temperatures across the width of the bottom flange appear to equilibrate 
and approach convergence before the end of the 5400sec analysis. 
 
Note that the average temperature time-history for the web (See Figure 8-89) reaches 
greater temperatures than that for the bottom flange (See Figure 8-90). This suggests that 
the combination of heat that flows along the underside of the topping slab and down the 
face of the web in addition to the heat that radiates directly to each side of the web from 
the vehicle fires have a greater impact than the heat impinging directly on the bottom 
flange. 
 
Figure 8-91 through Figure 8-99 are plots of the reduction factors for the stress-strain 
relationship of steel at elevated temperatures, as defined in Eurocode 3 (2001). Figure 
8-91 through Figure 8-93 present reduction factors for the top flange, Figure 8-94 through 
Figure 8-96 present reduction factors for the web, and Figure 8-97 through Figure 8-99 
present reduction factors for the bottom flange. Although the figures plot the reduction 
factors for each of the nodes considered in the determination of the average temperature 
time-history, this discussion will only refer to the average curves. 
 
The average temperature time-history for the top flange is greater than 400°C in the 
middle of the multiple-vehicle fire burn sequence, from approximately t = 1800sec to t = 
4200sec. Therefore, the top flange steel undergoes a maximum of a 14% reduction in its 
effective yield strength during this period of time. Since the top flange remains well 
above 100°C upon reaching it at approximately t = 900sec, reductions in the proportional 
limit and modulus of elasticity of the top flange steel remain for the duration of the 
analysis. Temperatures reached in the web and bottom flange of the steel section are 
significantly greater than in the top flange. Therefore, reductions in effective yield 
strength, proportional limit, and modulus of elasticity of the web and bottom flange steel 
are also significantly greater. Reductions in proportional limit and modulus of elasticity 
initiate at temperatures in excess of 100°C, and thus occur before reductions in effective 
yield strength. Since temperatures in the web and bottom flange exceed 800°C, however, 
the final reductions in effective yield strength at these member subparts are comparable 
to reductions in proportional limit and modulus of elasticity (See Figure 7-42). 
Reductions in the effective yield strength of the web and bottom flange reach as great as 
91% and 88%, respectively. This observation agrees with the greater temperatures seen in 
the nodal temperature time-histories of the web with respect to the bottom flange. 
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Figure 8-1: Node labeling key for top flange of PT_LS, PT_LS_level, and PT_LS_spread heat transfer 
models. 
 
 
 
Figure 8-2: Node labeling key for web of PT_LS, PT_LS_level, and PT_LS_spread heat transfer models. 
 
 
    
Figure 8-3: Node labeling key for bottom flange of PT_LS, PT_LS_level, and PT_LS_spread heat transfer 
models. 
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Figure 8-4: Temperature time-histories for top flange nodes of PT_LS heat transfer model. 
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Figure 8-5: Temperature time-histories for web nodes of PT_LS heat transfer model. 
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Figure 8-6: Temperature time-histories for bottom flange nodes of PT_LS heat transfer model. 
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Figure 8-7: Reduction factor (relative to fy) for effective yield strength of steel at top flange nodes of 
PT_LS heat transfer model. 
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Figure 8-8: Reduction factor (relative to fy) for proportional limit of steel at top flange nodes of PT_LS 
heat transfer model. 
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Figure 8-9: Reduction factor (relative to Ea) for modulus of elasticity of steel at top flange nodes of PT_LS 
heat transfer model. 
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Figure 8-10: Reduction factor (relative to fy) for effective yield strength of steel at web nodes of PT_LS 
heat transfer model. 
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Figure 8-11: Reduction factor (relative to fy) for proportional limit of steel at web nodes of PT_LS heat 
transfer model. 
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Figure 8-12: Reduction factor (relative to Ea) for modulus of elasticity of steel at web nodes of PT_LS heat 
transfer model. 
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Figure 8-13: Reduction factor (relative to fy) for effective yield strength of steel at bottom flange nodes of 
PT_LS heat transfer model. 
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Figure 8-14: Reduction factor (relative to fy) for proportional limit of steel at bottom flange nodes of 
PT_LS heat transfer model. 
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Figure 8-15: Reduction factor (relative to Ea) for modulus of elasticity of steel at bottom flange nodes of 
PT_LS heat transfer model. 
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Figure 8-16: Node labeling key for top flange of PT_SS heat transfer model. 
 
 
 
Figure 8-17: Node labeling key for web of PT_SS heat transfer model. 
 
 
    
Figure 8-18: Node labeling key for bottom flange of PT_SS heat transfer model. 
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Figure 8-19: Temperature time-histories for top flange nodes of PT_SS heat transfer model. 
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Figure 8-20: Temperature time-histories for web nodes of PT_SS heat transfer model. 
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Figure 8-21: Temperature time-histories for bottom flange nodes of PT_SS heat transfer model. 
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Figure 8-22: Reduction factor (relative to fy) for effective yield strength of steel at top flange nodes of 
PT_SS heat transfer model. 
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Figure 8-23: Reduction factor (relative to fy) for proportional limit of steel at top flange nodes of PT_SS 
heat transfer model. 
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Figure 8-24: Reduction factor (relative to Ea) for modulus of elasticity of steel at top flange nodes of 
PT_SS heat transfer model. 
  - 215 - 
0.8
0.85
0.9
0.95
1
1.05
1.1
0 900 1800 2700 3600 4500 5400
Time (s)
K
y Q
Average Web219 Web192 Web165
 
Figure 8-25: Reduction factor (relative to fy) for effective yield strength of steel at web nodes of PT_SS 
heat transfer model. 
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Figure 8-26: Reduction factor (relative to fy) for proportional limit of steel at web nodes of PT_SS heat 
transfer model. 
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Figure 8-27: Reduction factor (relative to Ea) for modulus of elasticity of steel at web nodes of PT_SS heat 
transfer model. 
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Figure 8-28: Reduction factor (relative to fy) for effective yield strength of steel at bottom flange nodes of 
PT_SS heat transfer model. 
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Figure 8-29: Reduction factor (relative to fy) for proportional limit of steel at bottom flange nodes of 
PT_SS heat transfer model. 
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Figure 8-30: Reduction factor (relative to Ea) for modulus of elasticity of steel at bottom flange nodes of 
PT_SS heat transfer model. 
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Figure 8-31: Node labeling key for top flange of RC1_LS heat transfer model. 
 
 
 
Figure 8-32: Node labeling key for web of RC1_LS heat transfer model. 
 
 
    
Figure 8-33: Node labeling key for bottom flange of RC1_LS heat transfer model. 
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Figure 8-34: Temperature time-histories for top flange nodes of RC1_LS heat transfer model. 
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Figure 8-35: Temperature time-histories for web nodes of RC1_LS heat transfer model. 
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Figure 8-36: Temperature time-histories for bottom flange nodes of RC1_LS heat transfer model. 
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Figure 8-37: Reduction factor (relative to fy) for effective yield strength of steel at top flange nodes of 
RC1_LS heat transfer model. 
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Figure 8-38: Reduction factor (relative to fy) for proportional limit of steel at top flange nodes of RC1_LS 
heat transfer model. 
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Figure 8-39: Reduction factor (relative to Ea) for modulus of elasticity of steel at top flange nodes of 
RC1_LS heat transfer model. 
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Figure 8-40: Reduction factor (relative to fy) for effective yield strength of steel at web nodes of RC1_LS 
heat transfer model. 
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Figure 8-41: Reduction factor (relative to fy) for proportional limit of steel at web nodes of RC1_LS heat 
transfer model. 
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Figure 8-42: Reduction factor (relative to Ea) for modulus of elasticity of steel at web nodes of RC1_LS 
heat transfer model. 
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Figure 8-43: Reduction factor (relative to fy) for effective yield strength of steel at bottom flange nodes of 
RC1_LS heat transfer model. 
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Figure 8-44: Reduction factor (relative to fy) for proportional limit of steel at bottom flange nodes of 
RC1_LS heat transfer model. 
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Figure 8-45: Reduction factor (relative to Ea) for modulus of elasticity of steel at bottom flange nodes of 
RC1_LS heat transfer model. 
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Figure 8-46: Node labeling key for top flange of RC1_SS heat transfer model. 
 
 
 
Figure 8-47: Node labeling key for web of RC1_SS heat transfer model. 
 
 
    
Figure 8-48: Node labeling key for bottom flange of RC1_SS heat transfer model. 
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Figure 8-49: Temperature time-histories for top flange nodes of RC1_SS heat transfer model. 
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Figure 8-50: Temperature time-histories for web nodes of RC1_SS heat transfer model. 
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Figure 8-51: Temperature time-histories for bottom flange nodes of RC1_SS heat transfer model. 
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Figure 8-52: Reduction factor (relative to fy) for effective yield strength of steel at top flange nodes of 
RC1_SS heat transfer model. 
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Figure 8-53: Reduction factor (relative to fy) for proportional limit of steel at top flange nodes of RC1_SS 
heat transfer model. 
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Figure 8-54: Reduction factor (relative to Ea) for modulus of elasticity of steel at top flange nodes of 
RC1_SS heat transfer model. 
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Figure 8-55: Reduction factor (relative to fy) for effective yield strength of steel at web nodes of RC1_SS 
heat transfer model. 
0
0.2
0.4
0.6
0.8
1
1.2
0 900 1800 2700 3600 4500 5400
Time (s)
K
p Q
Average Web219 Web192 Web165
 
Figure 8-56: Reduction factor (relative to fy) for proportional limit of steel at web nodes of RC1_SS heat 
transfer model. 
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Figure 8-57: Reduction factor (relative to Ea) for modulus of elasticity of steel at web nodes of RC1_SS 
heat transfer model. 
  - 226 - 
0.8
0.85
0.9
0.95
1
1.05
1.1
0 900 1800 2700 3600 4500 5400
Time (s)
K
y Q
Average BF8 BF93 BF3
 
Figure 8-58: Reduction factor (relative to fy) for effective yield strength of steel at bottom flange nodes of 
RC1_SS heat transfer model. 
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Figure 8-59: Reduction factor (relative to fy) for proportional limit of steel at bottom flange nodes of 
RC1_SS heat transfer model. 
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Figure 8-60: Reduction factor (relative to Ea) for modulus of elasticity of steel at bottom flange nodes of 
RC1_SS heat transfer model. 
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Figure 8-61: Node labeling key for top flange of RC2_LS heat transfer model. 
 
 
 
Figure 8-62: Node labeling key for web of RC2_LS heat transfer model. 
 
 
    
Figure 8-63: Node labeling key for bottom flange of RC2_LS heat transfer model. 
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Figure 8-64: Temperature time-histories for top flange nodes of RC2_LS heat transfer model. 
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Figure 8-65: Temperature time-histories for web nodes of RC2_LS heat transfer model. 
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Figure 8-66: Temperature time-histories for bottom flange nodes of RC2_LS heat transfer model. 
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Figure 8-67: Reduction factor (relative to fy) for effective yield strength of steel at top flange nodes of 
RC2_LS heat transfer model. 
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Figure 8-68: Reduction factor (relative to fy) for proportional limit of steel at top flange nodes of RC2_LS 
heat transfer model. 
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Figure 8-69: Reduction factor (relative to Ea) for modulus of elasticity of steel at top flange nodes of 
RC2_LS heat transfer model. 
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Figure 8-70: Reduction factor (relative to fy) for effective yield strength of steel at web nodes of RC2_LS 
heat transfer model. 
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Figure 8-71: Reduction factor (relative to fy) for proportional limit of steel at web nodes of RC2_LS heat 
transfer model. 
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Figure 8-72: Reduction factor (relative to Ea) for modulus of elasticity of steel at web nodes of RC2_LS 
heat transfer model. 
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Figure 8-73: Reduction factor (relative to fy) for effective yield strength of steel at bottom flange nodes of 
RC2_LS heat transfer model. 
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Figure 8-74: Reduction factor (relative to fy) for proportional limit of steel at bottom flange nodes of 
RC2_LS heat transfer model. 
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Figure 8-75: Reduction factor (relative to Ea) for modulus of elasticity of steel at bottom flange nodes of 
RC2_LS heat transfer model. 
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Figure 8-76: Temperature time-histories for top flange nodes of PT_LS_level heat transfer model. 
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Figure 8-77: Temperature time-histories for web nodes of PT_LS_level heat transfer model. 
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Figure 8-78: Temperature time-histories for bottom flange nodes of PT_LS_level heat transfer model. 
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Figure 8-79: Reduction factor (relative to fy) for effective yield strength of steel at top flange nodes of 
PT_LS_level heat transfer model. 
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Figure 8-80: Reduction factor (relative to fy) for proportional limit of steel at top flange nodes of 
PT_LS_level heat transfer model. 
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Figure 8-81: Reduction factor (relative to Ea) for modulus of elasticity of steel at top flange nodes of 
PT_LS_level heat transfer model. 
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Figure 8-82: Reduction factor (relative to fy) for effective yield strength of steel at web nodes of 
PT_LS_level heat transfer model. 
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Figure 8-83: Reduction factor (relative to fy) for proportional limit of steel at web nodes of PT_LS_level 
heat transfer model. 
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Figure 8-84: Reduction factor (relative to Ea) for modulus of elasticity of steel at web nodes of 
PT_LS_level heat transfer model. 
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Figure 8-85: Reduction factor (relative to fy) for effective yield strength of steel at bottom flange nodes of 
PT_LS_level heat transfer model. 
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Figure 8-86: Reduction factor (relative to fy) for proportional limit of steel at bottom flange nodes of 
PT_LS_level heat transfer model. 
0.6
0.7
0.8
0.9
1
1.1
1.2
0 900 1800 2700 3600 4500 5400
Time (s)
K
E Q
Average BF8 BF117 BF3
 
Figure 8-87: Reduction factor (relative to Ea) for modulus of elasticity of steel at bottom flange nodes of 
PT_LS_level heat transfer model. 
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Figure 8-88: Temperature time-histories for top flange nodes of PT_LS_spread heat transfer model. 
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Figure 8-89: Temperature time-histories for web nodes of PT_LS_spread heat transfer model. 
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Figure 8-90: Temperature time-histories for bottom flange nodes of PT_LS_spread heat transfer model. 
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Figure 8-91: Reduction factor (relative to fy) for effective yield strength of steel at top flange nodes of 
PT_LS_spread heat transfer model. 
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Figure 8-92: Reduction factor (relative to fy) for proportional limit of steel at top flange nodes of 
PT_LS_spread heat transfer model. 
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Figure 8-93: Reduction factor (relative to Ea) for modulus of elasticity of steel at top flange nodes of 
PT_LS_spread heat transfer model. 
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Figure 8-94: Reduction factor (relative to fy) for effective yield strength of steel at web nodes of 
PT_LS_spread heat transfer model. 
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Figure 8-95: Reduction factor (relative to fy) for proportional limit of steel at web nodes of PT_LS_spread 
heat transfer model. 
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Figure 8-96: Reduction factor (relative to Ea) for modulus of elasticity of steel at web nodes of 
PT_LS_spread heat transfer model. 
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Figure 8-97: Reduction factor (relative to fy) for effective yield strength of steel at bottom flange nodes of 
PT_LS_spread heat transfer model. 
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Figure 8-98: Reduction factor (relative to fy) for proportional limit of steel at bottom flange nodes of 
PT_LS_spread heat transfer model. 
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Figure 8-99: Reduction factor (relative to Ea) for modulus of elasticity of steel at bottom flange nodes of 
PT_LS_spread heat transfer model. 
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9. DISCUSSION OF NON-LINEAR HEAT TRANSFER ANALYSIS 
RESULTS 
 
 
This chapter discusses the results of the non-linear heat transfer analyses presented in 
Chapter 8. Section 9.1 compares results of the PT_LS, PT_SS, RC1_LS, RC1_SS, and 
RC2_LS analyses, and examines variations in average steel temperatures and Eurocode 
reduction factors due to the given framing geometries and steel member sizes. Section 9.2 
compares the results of the PT_LS analysis with those of the PT_LS_level analysis. In 
doing so, this section studies the effects of a staggered versus level floor elevation. 
Section 9.3 compares the results of the PT_LS analysis with those of the PT_LS_spread 
analysis. In doing so, this section compares the influence of single-vehicle fires and 
multiple-vehicle fires on average steel temperatures and Eurocode reduction factors.  
 
Since the results of each heat transfer analysis presented in Chapter 8 exhibit fairly 
uniform temperatures throughout the bottom flange of the primary girders, the following 
discussion will focus on the bottom flange. This temperature uniformity allows the 
average bottom flange temperatures and Eurocode reduction factors previously presented 
to be considered representative of the overall bottom flange behavior. The temperature 
gradient through the web and top flange are too variable to consider an average 
temperature as accurately capturing the behavior of these sections. More sophisticated 
analysis techniques, such as fiber analysis, would be required to gain an accurate 
understanding of the full section’s temperature-dependant behavior. 
 
9.1. Effects of Framing Geometry 
In order to determine the effects of framing geometry on the internal member 
temperatures and material properties of a steel framing section adjacent a vehicle fire, the 
results of the PT_LS, PT_SS, RC1_LS, RC1_SS, and RC2_LS non-linear heat transfer 
analyses were compared. 
 
As shown in Figure 9-1, the average bottom flange temperature at the section adjacent the 
vehicle fire (i.e., at y = 15.5m) is a function of the framing geometries associated with the 
PT_LS, PT_SS, RC1_LS, RC1_SS, and RC2_LS models. Peak internal temperatures of 
431°C, 427°C, 335°C, 376°C, and 436°C were observed for the aforementioned models, 
respectively. The elevated internal member temperature time-histories in Figure 9-1 can 
be attributed to the increased input heat fluxes presented in Section 6.1. This correlates to 
increased reduction in effective yield strength. Since the tension capacity of the bottom 
flange is linearly proportional to the yield strength of the steel, a reduction in the tension 
capacity of the bottom flange also exists for each model, as shown in Figure 9-2. 
Normalized reductions in tension capacity of approximately 7%, 6%, and 8% were 
observed in the framing sections of the PT_LS, PT_SS, and RC2_LS models. Average 
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bottom flange temperatures in the RC1_LS and RC1_SS models did not reach 
temperatures hot enough to cause any reduction in yield strength. 
 
Figure 9-3 shows the relationship between the peak internal steel temperatures for the 
average distributions considered in the bottom flange and the girder spacing for each 
model. Unlike the gas temperature above the burn vehicle, as previously discussed in 
Section 6.1, the internal steel temperature is not linearly proportional to the girder 
spacing of the framing system in which the fire is set. Internal steel temperatures are a 
function of convective heat flux through the framing member and radiative heat fluxes 
from the fire to the member. Therefore, as girder spacing increases, peak internal steel 
temperatures at the bottom flange of the section adjacent the vehicle fire decrease 
exponentially, as seen in Figure 9-3. 
 
9.2. Effects of Floor Elevation 
In order to determine the effects of relative ramp elevation in a parking structure on the 
internal member temperatures and material properties of a steel framing section adjacent 
a vehicle fire, the results of the PT_LS and PT_LS_level non-linear heat transfer analyses 
were compared.  
 
As shown in Figure 9-4, the average bottom flange temperature at the section adjacent the 
vehicle fire (i.e., at y = 15.5m) is greater for the PT_LS_level model than the PT_LS 
model. Peak internal temperatures of 453°C and 430°C respectively were observed. The 
increased temperature observed in the level elevation model is attributed to the increased 
input heat flux values presented in Section 6.2. This correlates to increased reduction in 
yield strength. Since the tension capacity of the bottom flange is linearly proportional to 
the yield strength of the steel, an increased reduction in the tension capacity also exists, 
as shown in Figure 9-5. Normalized reductions in tension capacity of approximately 12% 
and 7% are observed for the PT_LS_level and PT_LS models respectively. It is therefore 
concluded that the lack of a ramp offset leads to greater internal steel temperatures and 
reductions in the tension capacity of the member. 
 
9.3. Effects of Vehicle Fire Characteristics 
In order to determine the effects of single-vehicle fires versus multiple-vehicle fires in a 
parking structure on the internal member temperatures and material properties of a steel 
framing section adjacent a vehicle fire, the results of the PT_LS and PT_LS_spread non-
linear heat transfer analyses were compared. 
 
As shown in Figure 9-4, the average bottom flange temperature at the section adjacent the 
initial burn Vehicle C5 (i.e., at y = 15.5m) is significantly greater for the PT_LS_spread 
model than the PT_LS model. Peak internal temperatures of 790°C and 430°C 
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respectively were observed. The increased temperature observed in the PT_LS_spread 
model is attributed to the increased input heat flux values presented in Section 6.3. This 
correlates to increased reduction in yield strength. Since the tension capacity of the 
bottom flange is linearly proportional to the yield strength of the steel, an increased 
reduction in the tension capacity also exists, as shown in Figure 9-7. Normalized 
reductions in tension capacity of approximately 88% and 7% are observed for the 
PT_LS_spread and PT_LS models respectively. It is therefore concluded that the 
occurrence of a multiple-vehicle fire leads to significantly greater internal steel 
temperatures and reductions in the tension capacity of the bottom flange, thereby 
compromising the structural integrity of the member. 
 
Figure 9-8 presents images of the resulting thermal gradient through the framing section 
of the PT_LS and PT_LS_spread finite element heat transfer models. The images, which 
were taken at the end of the analyses (i.e., time = 5400sec), clearly show the significantly 
greater temperatures attained in the PT_LS_spread model due to the occurrence of the 
multiple-vehicle fire. As previously noted in Chapter 8, the maximum temperatures in the 
PT_LS_spread model occur in the web, rather than the bottom flange as in the PT_LS 
model. This suggests that the combination of heat that flows along the underside of the 
topping slab and down the face of the web in addition to the heat that radiates directly to 
each side of the web from the multiple-vehicle fire have a greater impact than the heat 
impinging directly on the bottom flange. 
 
9.4. Summary of Analysis Variable Effects 
The following key observations were developed by studying the effects of the three 
analysis variables in the previous sections of this chapter: 
 
1. The internal member temperature distributions are relatively constant through the 
bottom flange. The distributions vary significantly over the height of the web, and 
across the width of the top flange due to the heat sink properties of the topping 
slab and the conductance of heat vertically through the web, from the bottom 
flange to the top flange. Therefore, average temperatures can be used to describe 
bottom flange behavior in a reasonable manner. This is not true for the behavior 
of the web or top flange, and therefore the steel framing section as a whole. 
 
2. Variations in framing geometry of a structure affect the internal temperatures 
reached in steel framing members in response to a vehicle fire. The depth, 
orientation, and spacing of framing members all contribute to the scale of heat 
fluxes experienced at a given framing section, as described in Chapter 6. Framing 
geometries that consider a lesser girder spacing experience greater heat fluxes, 
and therefore greater internal steel temperatures, as well. 
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3. Variations in floor elevation affect the heat flux into framing members in the 
vicinity of the vehicle fire, and therefore affect the internal member temperatures 
experienced. Since those surfaces that do not have a direct path of heat radiation 
from the vehicle fire (i.e., surfaces on the opposite side of the framing member) 
experience greater heat fluxes when ramps are at a level elevation, internal steel 
temperatures are also greater when ramps are at a level elevation. 
 
4. The occurrence of a multiple-vehicle fire significantly affects the heat flux into 
framing members in the vicinity of the burn vehicles, especially if the vehicles are 
burning to each side of a given framing member. This results in the direct 
radiation of heat from burn vehicles to each side of the framing member, and 
therefore, greater heat fluxes. The increase in the presence of combustion gases 
due to a multiple-vehicle fire may also contribute to increased heat fluxes if 
compartment-type behavior is considered. The hotter gases characteristic of a 
multiple-vehicle fire trapped between framing members and below the concrete 
topping slab may impinge on the framing for a prolonged period of time, thereby 
generating greater heat fluxes. The increased heat fluxes in the multiple-vehicle 
fire scenario generate significantly greater internal steel temperatures. 
 
5. Greater internal member temperatures result in greater reductions in the yield 
strength of the section. When considering the bottom flange specifically, the 
increased reduction in yield strength directly correlates to an increased reduction 
in the tension capacity of the bottom flange. For the single-vehicle fire scenarios 
considered, vehicle fires cause reductions of the bottom flange tension capacity up 
to 12%. For the multiple-vehicle fire scenario considered, an 88% reduction of the 
bottom flange tension capacity was observed. A summary of the reduction factors 
for all models is provided in Table 9-1. 
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Subpart Analysis k y, Q k p, Q k E, Q
PT_LS 1.00 0.84 0.92
PT_SS 1.00 0.83 0.91
RC1_LS 1.00 0.93 0.96
RC1_SS 1.00 0.86 0.93
RC2_LS 1.00 0.68 0.84
PT_LS_level 1.00 0.83 0.91
PT_LS_spread 0.86 0.38 0.64
PT_LS 1.00 0.44 0.71
PT_SS 1.00 0.43 0.70
RC1_LS 1.00 0.64 0.82
RC1_SS 1.00 0.55 0.77
RC2_LS 0.89 0.39 0.65
PT_LS_level 0.98 0.41 0.69
PT_LS_spread 0.09 0.05 0.08
PT_LS 0.93 0.40 0.67
PT_SS 0.94 0.40 0.67
RC1_LS 1.00 0.55 0.77
RC1_SS 1.00 0.46 0.72
RC2_LS 0.92 0.40 0.66
PT_LS_level 0.88 0.39 0.65
PT_LS_spread 0.12 0.05 0.09
Bottom Flange
Web
Top Flange
 
Table 9-1: Overview of Eurocode-defined reduction factors for the top flange, web, and bottom flange of 
the steel framing section adjacent the vehicle fire for all models. Reduction factors based on average 
temperature time-histories. 
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Figure 9-1: Average steel temperature time-history of bottom flange for PT_LS, PT_SS, RC1_LS, 
RC1_SS, and RC2_LS models. 
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Figure 9-2: Normalized average tension capacity of bottom flange for PT_LS, PT_SS, RC1_LS, RC1_SS, 
and RC2_LS models. 
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Figure 9-3: Peak average steel temperature at section adjacent vehicle fire (i.e., y = 15.5m) as a function of 
girder spacing for PT_LS, PT_SS, RC1_LS, RC1_SS, and RC2_LS models. 
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Figure 9-4: Average steel temperature time-history of bottom flange for PT_LS and PT_LS_level models. 
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Figure 9-5: Normalized average tension capacity of bottom flange for PT_LS and PT_LS_level models. 
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Figure 9-6: Average steel temperature time-history of bottom flange for PT_LS and PT_LS_spread 
models. 
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Figure 9-7: Normalized average tension capacity of bottom flange for PT_LS and PT_LS_spread models. 
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Figure 9-8: Finite element thermal gradient comparison of (a) PT_LS and (b) PT_LS_spread models. 
Temperature scales in degrees Celsius. 
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10.   CONCLUSIONS AND FUTURE WORK 
 
This report describes research that is part of a broader research program at Lehigh 
University directed towards the development of realistic fire loads for structures. This 
report focuses on fire loads for steel-framed open-deck parking structures, expanding on 
previous work by Bayreuther (2006) and Strenchock (2008) on precast concrete parking 
structures. A parking garage was chosen for study because of its simple repeating 
geometry, uniform non-combustible construction, well-controlled ventilation conditions, 
and relatively well-defined fuel loading. 
 
This research focused on typical steel framing plans provided in the AISC Design Guide 
18: Steel-Framed Open-Deck Parking Structures. Seven models were developed, and 
analysis variables included framing geometry, floor elevation, and vehicle fire 
characteristics. 
 
Analysis computations were performed using the computer program, Fire Dynamics 
Simulator, (FDS), a computational fluid dynamics program developed by the National 
Institute of Standards and Technology. 
 
10.1. Conclusions 
The following conclusions are drawn from the work presented in this report: 
 
1. Variations in framing geometry of a structure affect heat transmission and heat 
fluxes into framing members in the vicinity of a vehicle fire. Deeper members 
obstruct the flow of combustion gases and paths for heat radiation more than 
shallow members. Decreased girder spacing reduces the area in which combustion 
gases are compartmentalized, and thereby results in greater gas temperatures, heat 
fluxes into adjacent framing members, and internal steel temperatures. 
 
2. Variations in floor elevation affect heat transmission through a structure. The 
presence of an offset in floor elevation at opposing ramps creates a path for 
vertical heat transmission through the structure. This increases gas temperatures 
attained in upper floors, but decreases gas temperatures not directly adjacent the 
vehicle fire on the parking level in which the fire exists. This is due to an 
increased dissipation of combustion gases, which further results in lesser heat 
fluxes into adjacent framing members and lesser internal steel temperatures. 
 
3. The increased generation of combustion gases due to multiple-vehicle fires results 
in increased gas temperatures throughout the parking structure. Multiple fire 
sources also correlate to more paths for direct heat radiation to steel framing 
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members. Therefore, increased heat fluxes into framing members occur, resulting 
in significantly greater internal steel temperatures. 
 
4. Greater internal member temperatures result in greater reductions in the yield 
strength of the section, and therefore an increased reduction in the tension 
capacity of the bottom flange. For the single-vehicle fire scenarios considered, 
vehicle fires cause reductions of the bottom flange tension capacity up to 12%. 
For the multiple-vehicle fire scenario considered, an 88% reduction of the bottom 
flange tension capacity was observed. 
 
10.2. Future Work 
Additional work is necessary to broaden and deepen the results of this research. Potential 
directions for future studies specifically suggested by the methods, results, and analysis 
of this research include the following: 
 
1. Further investigation into the structural effects of vehicle fires in steel-framed 
parking structures is warranted. The use of three-dimensional finite element 
modeling or techniques such as fiber analysis should be considered. 
 
2. Further research into the effects of differences in fire heat flux records is needed. 
Not only would this help to better understand the range of potential structural 
implications, further classification of fires may help to standardize the fuel 
loading for steel-framed, open-deck parking structures. 
 
3. Varied ventilation conditions should be considered. If unprotected, open-deck, 
steel framing systems are to be studied, parking structures with boundaries on two 
sides might present different results depending on the location of the vehicle fire. 
Ambient wind conditions could also be treated as a parameter in such analyses. 
 
4. Further experimental investigation of vehicle fires in real steel-framed parking 
structures would help to clarify the potential for multiple-vehicle fires, as well as 
provide a better understanding of sequence and timing of ignition.  
 
5. Vehicle placement should be further developed as an analysis variable, especially 
in the case of the short-span framing systems. Vehicle fires could occur adjacent 
the shorter span girder, or could impinge on an intermediate column. A detailed 
analysis of the column and framing connections would provide a varied outlook 
on the structural implications of a vehicle fire. 
 
6. Finally, other types of structures such as office buildings, hospitals, or apartment 
buildings might be investigated using a similar set of investigational principles. 
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Clearly, those analyses will present even greater challenges, given the additional 
uncertainties in fuel loads, ventilation conditions, etc. 
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The purpose of this appendix is to step through the process of using the AISC Design 
Guide 18 (Churches, 2003) to select appropriate parking structure dimensions and 
framing section sizes when generating a model for analysis. The procedure used to 
develop the PT_LS model will be provided as an example. Appropriate dimensions and 
steel framing sections for all models in this research were selected in a similar manner. 
The procedure is as follows: 
 
1. Select a slab type and framing configuration: 
Use a cast-in-place and post-tensioned slab system with a clear-span (i.e., long-
span) construction framing option (See Figure A-1). The clear-span framing 
option is shown to the right side of the longitudinal centerline. 
 
2. Select a bay length dimension: 
Referring to Figure A-1, the bay length dimension is taken as the width of the 
ramp to each side of the longitudinal centerline. This dimension should typically 
provide enough distance for a driving aisle and parking to each side. Using the 
table in Design Guide 18 that corresponds to the cast-in-place post-tensioned 
framing system, a typical bay length dimensions can be considered for selection. 
Table A-1 provides an excerpted row from the appropriate table in the Design 
Guide 18. The bay length, noted as Dimension 1 in Table A-1, was selected to be 
61ft (18.6m). Note that the maximum bay length dimension provided in the AISC 
Design Guide for the cast-in-place conventionally reinforced slab on metal deck, 
Configuration 2, is 60ft (18.3m). For this reason, bay length dimensions in all 
models were approximated as 18.5m for consistency and compliance with a 
0.125m cell size in FDS, as noted in Section 3.2.1.  
 
3. Select a bay width dimension: 
The bay width dimension corresponds to the slab span length for the post-
tensioned slab system. It is noted as Dimension 2 in Table A-1. Table A-2 
provides typical slab span lengths and appropriate slab properties. Per Note 1 in 
Figure A-1, typical bay widths range between 18ft and 20ft. Select a bay width of 
18ft (5.5m), which corresponds to a slab thickness of 5in (0.125m).  
 
4. Determine appropriate framing section sizes: 
Referring to the clear-span construction portion of Figure A-1, steel framing 
sections must be selected for the primary girders (BEAM A), and the transverse 
beams adjacent the architectural panel at the façade (use BEAM C). Table A-1 
provides typical steel framing sections for the selected values of Dimension 1 and 
Dimension 2. A W27x84 will be used as BEAM A and a W14x22 will be used as 
BEAM C. The values for C and S in Table A-1 correspond to recommended 
cambers and number of studs to be used along the length of the beam. These 
values are not used in the development of the analysis models, for all objects in 
the FDS model are rectilinearly approximated. 
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5. Approximate all dimensions in accordance with selected FDS cell size: 
All dimensions should be approximated to comply with the 0.125m cell size 
selected for FDS models. This includes beam depths, widths, and thicknesses as 
obtained using the AISC LRFD Manual of Steel Construction. Member 
thicknesses shall be treated as discussed in Section 3.2.1. 
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Table A-1: Typical Beam Sizes for CIP Post-Tensioned Deck, 61ft. bay length [AISC Design Guide 18 
(Churches, 2003)]. 
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Table A-2: Typical Post-Tensioned Slab Properties by Span Length [AISC Design Guide 18 (Churches, 
2003)].
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Figure A-1: Typical Framing Plan – CIP and PT Slab [AISC Design Guide 18 (Churches, 2003)]. 
